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Abstract
Effects of various environmental parameters on the reduction of As(V) to
As(III) by dissolved organic matter.

Tsanangurayi Tongesayi
The objective of this study was to investigate the reduction of inorganic
As(V) with Suwannee River fulvic acid (FA) in aqueous solutions and in real
samples. Samples of inorganic As(V) were incubated with FA under various
solution conditions and aliquots from the incubated samples were taken at
various time intervals and analyzed for As(III) using square wave cathodic
stripping voltammetry at a hanging mercury drop electrode.
The study demonstrated the following important aspects of As speciation:
1) FA can significantly reduce As(V) to As(III), 2) Reduction of As(V) to As(III) is a
function of pH, 3) Reduction of As(V) to As(III) is a function of time, 4) Reduction
of As(V) to As(III) can occur under both dark and light conditions, 5) Fe(III)
increases the reduction reaction, and 6) Oxidation of As(III) to As(V) is promoted
at pH 2 more than at pH 6, 7) The reduction of As(V) to As(III) does not follow
first order kinetics, 8) Reduction of As(V) can occur in a real sample.
The reduction of As(V) by FA is hypothesized to occur via complexation,
which is greatly enhanced by the presence of iron through intermetallic bridging.
Fe(III) plays two roles: (i) facilitates binding of arsenate by FA which results in the
reduction of As(V) to the intermediate As(IV), and (ii) Fe(II) produced by the
reduction of Fe(III) by FA reduces As(IV) to As(III). The reduction reaction is
postulated to follow two one-electron step mechanism, with Fe(II) reducing As(IV)
and not As(V). In solutions where no Fe(III) was added, some binding of the
negative arsenate by the negative FA occurs through intermetallic bridging by
cationic metals inherent in the FA. Competition from H+ ions for the binding sites
on FA at lower pH results in the diminished reduction at low pH.
The kinetics of the reduction of As(V) by FA was also evaluated. The
reaction does not follow first order kinetics, therefore the reaction order could be
two or higher. The study also demonstrated that As(III) can be quantitatively
analyzed in the presence of FA as As(III)-FA complex using SWCSV on a
hanging drop electrode.
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Chapter 1: General Introduction and Research Goals
Speciation and toxicity
The study of metal ion speciation in natural waters is an area of intense
research effort. It is an important area since the biological and physicochemical
properties of metal ions can be significantly altered by both complexation with
organic material as well as changes in metal ion oxidation state. For example, it
has been shown that “free” copper1,2 and zinc3 metal ions are more toxic to
aquatic life than the complexed metal ions. It is also known that arsenic(III) is
more toxic than arsenic(V), and inorganic and organic compounds of arsenic
differ with respect to their toxicity and biological activity.
According to Piscator4, the toxicity of arsenic species decreases in the order
arsenite > arsenate > organoarsenic species. Arsenic is toxic to both plants and
animals and accumulates in living tissues because of its high affinity for proteins,
lipids and other cellular components5. Arsenite (AsO2- or AsO33-) is known to inhibit
various dehydrogenases like pyruvate, α-ketoglutarate and dihydrolipolate. Arsenite
can bind to sulfhydryl groups of proteins and dithiols like glutaredoxin. Arsenate
(AsO43-) on the other hand exhibits varied metabolic interactions and acts as a
structural analog of phosphate and inhibits oxidative phosphorylation6. In most
cases, As(V) toxicity is manifested when reduced to As(III)7. Arsenic is also
carcinogenic and exposure leads to cardiovascular, pulmonary, immunological,
neurological and endocrine disorders in addition to skin, lung, bladder and kidney
cancers8.

1

Sources of Arsenic pollution.
Biological activity, weathering and volcanic eruption (97 % natural input of
As)9 together with anthropogenic inputs, especially mining activities, are
responsible for the distribution of arsenic in the environment. Arsenic is released
into the atmosphere primarily as arsenic trioxide. Large amounts of
methanearsonic acid and dimethylarsonic acid have been used as herbicides
and in fact, these compounds are capable of undergoing oxidation and
demethylation to produce arsenate under aerobic conditions10.
Use

of

the

arsenic

containing

pesticide

Roxarsone

(3-nitro-4-

hydroxyarsonic acid, ROX) at poultry farms can cause contamination of the
environment with arsenic. Most of the ROX ingested by chickens is excreted
unchanged in the manure bedding, and poultry litter (PL) collected from a typical
42-day feeding period contains from 30 to 50 mg Kg-1 of total arsenic. Soils
amended with arsenic-containing PL and the practice of using uncovered windrows
for litter storage could be causing arsenic contamination of surface and ground
water.
Arsenic-containing compounds are also extensively used in various
chemical industries in many countries with potential contamination of the
environment. In the US, use of arsenic-containing compounds has been
estimated as follows: wood preservatives (70 %) agricultural chemicals (22 %)
glass (4 %), non-ferrous alloys (2 %) and other (2 %)9
Coal contains low arsenic levels which pose little threat to human health
(most coals <5 mg/kg). However, some coals, especially in India, China and

2

Eastern Europe may contain up to 35 mg/kg arsenic9 and power plants using
such coal as a fuel represent major sources of environmental arsenic
contamination.
Biogeochemical Cycle of As
Redox processes involving arsenic compounds are known to occur under
environmental conditions11-13. The cycle is better understood in terms of a dynamic
balance of biological, chemical, physical, and geological processes on individual
arsenic species13,14. The most prevalent inorganic forms of arsenic are arsenate and
arsenite and the predominant species present will be determined by either the
chemical (redox) and/or microbiological condition of the water.
Arsenite is more mobile in soil and sediment environments than arsenate
because of its neutral, uncharged molecular state (H3AsO3) in common
soil/sediment pH ranges (pH 5-8)15. Arsenite has been shown to be more
prevalent under reducing conditions in natural water systems as arsenous acid
species (H3AsO3, H2AsO3-, HAsO3-2)5,7, whereas arsenate (H3AsO4, H2AsO4-,
HAsO4-2, AsO4-3) is more stable in oxygenated waters (Figure1.1). The difference in
mobility is likely due to the higher affinity of arsenate for insoluble species like
hydrous ferric or manganese oxides. Arsenite can be oxidized to arsenate by iron
or manganese oxyhydroxides or microorganisms5.
Dixit and Hering16 investigated the combined effects of arsenate reduction
and diagenesis of iron oxide minerals on arsenic mobility by comparing sorption of
arsenate and arsenite onto amorphous iron oxide (HFO), goethite, and magnetite at
various solution compositions. The sorption of arsenate onto HFO and goethite was

3

Figure 1.1 The Eh-pH diagram of the arsenic-H2O system17 at aAs = 10-3.

4

more favorable than arsenite below pH 5-6, while arsenite had a higher affinity for
solids above pH 7-8. Under the conditions investigated, reduction of arsenite in the
presence of HFO or goethite would have only minor effects on its mobility in the
environment at near neutral conditions. Arsenate and arsenite had similar surface
site densities on the three oxide surfaces according to their sorption isotherms.
Arsenite has strong affinity for sulfur and readily adsorbs or coprecipitates with
metal sulfides7.
Role of Organisms
Microorganisms can mediate redox reactions involving As(III) and As(V).
They also indirectly affect arsenic redox cycling through dissimilatory Fe
reduction. In this process bacteria gain energy by coupling reduction of Fe(III) to
Fe(II) with oxidation of an electron donor such as organic carbon or hydrogen
under anaerobic conditions8,18. Zobrist et al.19 showed that Sulfurosprillum
barnesii is capable of anaerobic growth using ferric ion or arsenate as electron
acceptors. Some bacteria can rapidly oxidize As(III) via a mechanism consistent
with arsenic detoxification rather than energy generation6,18.
Arsenite oxidizing bacteria which can grow chemolithotrophically with oxygen as
an electron acceptor and arsenite as the electron donor have recently been
isolated and characterized from Australian gold mining environments. Anaerobic
bacteria that can utilize arsenate as an alternative electron acceptor have also
been isolated from such environments6. According to Anderson and Cook6, of the
heterotrophic bacteria discovered to date that are able to transform arsenate,
only non-respiratory arsenate reductases in E. coli and Staphylococcus aureus

5

have been broadly studied. The reduction is a detoxification mechanism and
Chrysiogenes arsenatis is the only bacterium that is characterized biochemically
to respire using arsenate as a terminal electron acceptor and acetate as the
electron donor under anaerobic conditions.
Certain organisms like Fungi, yeast and bacteria transform As species via
methylation. In addition to transforming As at microbial level, organisms affect the
geospatial distribution and speciation by accumulating and transporting it. It has
been reported that in sea water with As ranging from 0.05 to 5 µg/L, marine
plants have As levels ranging from 1 to 12 mg/kg (dry weight) while animals have
levels between 0.1 and 50 mg/kg7.
As shown in Figure 1.2 microorganisms play a very important role in the
remobilization of sediment bound arsenic species increasing their bioavailability.
Immobilization of arsenic in the subsurface protects the environment by
preventing seepage into ground water thus minimizing chances for human
exposure. This immobilization (sorption onto solids and/or coprecipitation)
depends on the redox conditions and mircrobial activity. The stability of the solid
arsenic sequesters is also affected by the redox conditions. As pointed out by
Resinger et al20 , iron(III) oxides become unstable under reducing conditions and
sulfide minerals under oxidizing conditions. Redox transformation of arsenic, iron,
and sulfur can be mediated by microbes suggesting that the reaction rates can
be controlled by microbial activity.

6

e.g Fe(III), Ca, or
Fe(III) oxides,
Ba Arsenates
As(V)(ads) Mn(III,IV) oxides,
(note: not formed As(III)(ppt)
Al(III) oxides,
under typical
sorption
Clays
conditions.
dissolution
desorption
precipitation
As(V)(aq)

Oxidants

Microorganisms
As(III)(aq)

S(O)
SO42-

Figure 1.2

As(III)(ppt)
As(III)(ads)

Fe(II)

desorption

sorption
precipitation
Sulfides

Reductants

desorption
dissolution

sorption
As(III)(ads) – Fe(III)oxides

Role of microorganisms in the biogeochemical cycling of arsenic.
Mobile arsenic species are shown in red, immobile in blue20.
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Analytical Technique
The method of choice for arsenic depends on the information required.
Atomic spectroscopic methods like ICP-AES and AAS are non-speciating
methods, and by themselves are only useful to determine total arsenic
concentration in a sample. The detection limit for arsenic with ICP-AES is ~ 10
ppb and ~ 0.5 ppb for graphite furnace AAS. In order to differentiate between
different forms of arsenic, these methods must be coupled with a suitable
separation technique. Several methods could be useful for the separation
including dialysis, HPLC, anion exchange chromatography and capillary
electrophoresis.
Electrochemical methods like DPP, DPASV, DPCSV, and SWCSV are
useful for the direct determination of arsenite in the presence of arsenate
because As(V) is not electroactive. These electroanalytical methods for As(III)
and their detection limits are summarized in Table 1.1. Hydride-generation
quartz-furnace AAS has also been used to directly determine the concentration
of arsenite in the presence of arsenate. The combination of HPLC with ICP-MS
offers excellent detection limits (200-400 ppt), and the ability to determine the
oxidation state of arsenic as well as the different organic forms present21.
However, the high capital cost and maintenance cost for this combination prevent
this approach from being routinely used.
To determine the extent of reduction of arsenic (V) by FA, small amounts of
As(III) must be specifically detectable and electrochemical methods appear to be
the simplest and most straightforward for purpose of this work. In addition to
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Table 1.1 Electroanalytical methods for the measurement of As(III)

Technique

Reagent

Electrode Reaction
mechanism

DL
(dep. Time)

DPP

HCl

As+3 + 3e- → As0

0.3 ppb22

DPASV

HCl,

Deposition:As+3 + 3e- → As0

0.02 ppb23

DPCSV

HClO4 Stripping: As0 → As+3 + 3e-

(20 min)

Cu+2, Dep. Not available

0.2 ppb24

HCl
DPCSV

DPCSV

SWCSV

Str. Cu3As + 3H+ + 3Hg→AsH3 + 3Cu(Hg)

Cu+2, Dep. 2As+3 + 3Cu(Hg) + 6e- → Cu3As2 + 3Hg

1 min)
1 ppb25

HCl

Str. Cu3As2 + 12H+ + 3Hg→2AsH3 +3H2 +3Cu(Hg) (2 min)

Se+4

Dep. 2As+3 + 3HgSe + 6e- → As2Se3 + 3Hg

2 ppb26

H2SO4 Str. As2Se3 + 12H+ + 12e- → 2AsH3 + 3H2Se

(1.5 min)

Cu+2

0.2 ppb27

Dep. Aso + 3CuCl32- + 3e- → Cu3As + 9Cl-

(1 min)
HCl

Str. Cu3As + 3H+ Hg + 3e- → Cu(Hg) + AsH3

0.005 ppb27
(10 min)

DPP = Differential
pulse polarography; DPASV = Differential pulse anodic
stripping voltammetry; DPSCV = Differential pulse cathodic stripping
voltammetry; SWCSV = square wave cathodic stripping voltammetry; DL =
detection limit.
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those methods in Table 1.1, Holak28 and Davis et al.29 used anodic stripping
voltammetry (ASV) to successfully determine As(III). Huang and Dasgupta30
developed field-deployable ASV instrument and obtained a detection limit of 0.5
µg/l As(III) or As(V) for a deposition time of 80 seconds. Holak26 also described
cathodic stripping voltammetry of As(III) at a hanging drop mercury electrode.
Simm et al.31 used a portable sensor for the detection of ultratrace arsenic using
sonically assisted square wave anodic stripping voltammetry and obtained a
detection limit was 3.7 x 10-9 M using a 120-s accumulation period. Kowalska et
al.32 used cathodic stripping voltammetry with a hanging mercury drop electrode
for the determination of As(III) and As(V) in soil extracts. The instrumentation
used in this study is shown in Figures 1.6 and 1.7.
Square wave Voltammetry
Voltammetry

deals

with

the

current-potential

relationship

in

an

electrochemical cell. The current measured when a Faradaic process occurs
involving the electrode and a species in solution at a given potential can be used
to determine the concentration of the chemical species.
The electroanalytical reaction can be represented as follows:
OX + ne- → RED

1.1

where OX is the oxidized form of the analyte and RED is the reduced form.
These changes in concentration are time-dependent resulting in sharp
concentration profiles at the electrode-solution interface giving currents that vary
with time. Voltammetry owes its great flexibility from this time dependence.
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In pulse potential techniques, current is measured as a function of time
after the application of a pulse as shown in Figure 1.3 The square wave
voltammetry waveform shown in Figure 1.4 combines a large amplitude square
wave modulation with a staircase wave form and the resulting net current, ∆i is a
true differential signal which can be obtained at very high scan rates, up to 4 V/s.
This allows a much faster determination compared to differential pulse
voltammetry with typical scan rates of 2 mV/s to 10 mV/s. Square wave
voltammetry, like any other pulse techniques can discriminate against charging
currents resulting in excellent selectivity and sensitivity.
The waveform consists of a series of pulses in which the applied
potential is held constant for about 30 milliseconds for each of the pulses. The
potential of half of the pulses is applied in the positive direction (forward pulses,

i1) and the other half in the negative direction (reverse pulses, i2). Current
measured at the forward pulse is anodic and is due to oxidation and that
measured at the reverse pulse is cathodic and is due to reduction. The net
response is the difference between the forward and the reverse currents. This
gives an enhanced signal which explains the high sensitivity of the technique.
The instrumentation required for square wave voltammetry consists of a three
electrode cell (Figure 1.5) and a potentiostat. The reaction being studied occurs
at the working electrode, Hg drop, where the deposition potential and the
stripping waveform are applied. The potential applied to the working electrode is
measured against a Ag/AgCl/sat’d KCl reference electrode. The third electrode,
an auxiliary electrode is used to complete the current path. The cell voltage that
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Measure
current
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Figure 1.3

tm

Time

Potential pulse and current response showing current at time tm
after pulse application.
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Stripping
a)

i F decays as

inet = i1 – i2
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i2
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t
iCH decays
b)

E

c)

Figure 1.4 a) Potential wave form (bottom) and the current response(top)
b) current response showing decay of faradic and charging currents.
c) Voltamogram showing forward reverse and net response.
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Potentiostat
∆Eapp

Auxiliary
Electrode
(Pt wire)

Working
Electrode
(HMDE)
Reference Electrode
(Ag/AgCl)

Figure 1.5 The 3-Electrode Cell
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Figure 1.6 S 100B/W Electrochemical Analyzer

Figure 1.7 BASi Controlled Growth Mercury Electrode
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passes through the working electrode and the auxiliary electrode is controlled by
the potentiostat. In most applications the mass transport of electroactive species
to the electrode surface is enhanced by stirring of the analyte solution.
Research Goals and Rationale
Goal
The overall goal of this work was to study the interaction of As(V) and
As(III) with dissolved organic matter (DOM) under natural water conditions.
Specific objectives
1)

To establish if Fulvic Acid (FA) can reduce As(V) to As(III) in aqueous
solution under various solution conditions.

2)

To study the mechanism of the reduction of As(V) to As(III) by FA and
role of Fe in the reduction reaction.

3)

To study the kinetics of the reduction of As(V) to As(III) by FA under
various solution conditions.

4)

To develop an electrochemical method for the analysis of As(III) in the
presence of DOM.

5)

To extend the study of the reduction of As(V) to As(III) by DOM to
natural water system.

Rationale
A review of the occurrence of As(III) in groundwater by Korte and
Fernando33 suggested that arsenite is more prevalent in groundwater than
previously believed. This could mean that certain environmental reductants (biotic
and/or abiotic) might reduce arsenate to arsenite because As(V) should be more
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stable than As(III) under aerobic conditions (see Figure 1.1). Consequently,
speciation studies of As under natural environmental conditions is very critical in the
understanding of the geochemical cycle and toxicity of As.
The recent proposal for the reduction in the U.S. drinking water maximum
contaminant level for As from 0.050 to 0.010 mg L-1 with a compliance deadline
of January 200634 , and the resultant political debate have focused public attention
on this element. However, most research has focused on oxidation of As(III) to
As(V), particularly photochemical Fe(III)-mediated oxidation. This is mostly likely
because As(III) is more toxic than As(V) and experts in the area would naturally
put more effort and resources in methods for the conversion of the more toxic
form of a chemical species to the less toxic one. Oxidation of arsenite to arsenate
also forms the basis of most the methods that are currently being used to remove
As(V) from water.
Most arsenic removal technologies from water are based on the oxidation
of the more toxic, more mobile As(III) to the less toxic, less mobile As(V) which is
then immobilized on solid sorbents and hence removed from the water. However,
given the toxicity of arsenic(III), its prevalence in natural water systems in certain
regions of the world like Bangladesh35, and the current efforts to develop simple
and cheaper arsenic removal technologies that are easily accessible especially in
developing countries36, it is imperative and equally important to explore
environmental factors that enhance the reduction of As(V) to As(III). Also,
considering the fact that most areas that are severely threatened by As
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contamination are poor (see Table 1.2 ) it is also imperative to develop cheaper,
easy to use and portable highly sensitive instrumentation for As detection.
An understanding of the mechanism of the redox cycling and speciation of
arsenic will help in the development of cheaper and more efficient arsenic
removal technologies especially considering the lowering of the drinking water
maximum contaminant level for As (0.010 mg L-1).
Miller, Garrett and Sgontz37 have described the determination of As(V)
and As(III) in hazardous waste leachates. The samples were taken from a dump
site containing high concentrations of organoarsenicals. The primary form of
arsenic found in bore holes drilled directly into the dump site was arsenic(V);
however, the predominant form found in nearby monitoring wells was As(III). The
mechanism for the reduction of As(V) to the more toxic As(III) was not known.
Turner38 investigated the oxidation state of arsenic in coal ash leachate and
reported that As(III) accounted for from <3 to 40 % of the total dissolved arsenic.
The ash pore water from the saturated zone of one deposit contained
approximately 1 mg/L total arsenic with most of it present as As(III).
It is possible that the reduction of As(V) in natural waters to the more toxic
As(III) actually might occur through a number of possible abiotic mechanisms.
These could include: 1) photosensitized DOM-assisted reduction of As (V), 2) DOM
and dissolved oxygen-assisted reduction, or 3) direct photolysis of As(V)-DOM
coordination compounds. Any of these mechanisms would represent yet another
dimension by which natural organic matter regulates the speciation, mobility and
toxicity of arsenic.
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Table1.2 : Areas of As-contamination and population at risk around the world9.

Country or Area

As Conc. (µg L-1)

Guideline/regulation in
Drinking water (µg L-1)

Asia
Bangladesh
Taiwan
China (Guizhuo)*
China (Inner Mongolia)
China (Xinjiang)
China, whole country
Nepal
Thailand
(Ronpibool)
Vietnam
India (West Benagl)

<1-4700
10-1820
100-10,000 mg kg-1
1-24000
1-18000
> 50
8-2620
1-5000
1-3050
< 10-3900

50
10
8 mg kg-1
50
50
50
50
50
10
50

Americas
Argentina
Chile
Mexico
Peru
USA (western)

100-1000
900-1040
10-4100
500
10-48000

50
50
50
50
10

Europe
Hungary
Romania

10-76
10-176

10
10

Note: Drinking water is the main source of As exposure in all these areas except
China (Guizhuo) where burning coal is the source.
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Reduction of heavy metals in natural waters and redox cycling under dark
conditions has not been given as much attention as photochemical redox cycling.
As cited earlier, work involving arsenic redox cycling in particular has been
focused on photochemical oxidation of As(III) to As(V). As a result, the primary
objective of this work was to determine the degree of reduction of a known
concentration of As(V) by Suwannee River FA as a model for DOM under natural
water conditions, including dark conditions.
Role of dissolved organic matter
In many soils organic matter containing semiquinone free radicals,
carboxylate and phenolate plays a significant role in metal speciation and the
organic matter is the dominant reductant. Dissolved organic matter (DOM) found
in natural waters (e.g., fulvic acid, FA, Figure 1.8 and humic acid, HA, Figure 1.9)
also contains electron-rich and electron-deficient sites that are responsible for the
electron-donating and electron-accepting properties of the DOM. Therefore, it is felt
that this DOM may play a significant role in the redox transformation of species
that are present in that water.
The reduction potential for the FA half reaction
FA(ox) + 2H+ + e- → FA(red) ................................1.2
is postulated as 0.5 V at pH 239. The reducing ability of FA is believed to be
derived from its composition of semiquinone-type free radicals and electron spin
resonance (ESR) studies have also shown that the free radical content of FA
increases with pH40. The standard reduction for the arsenic half reaction
H3AsO4 + 2H+ + 2e- → H3AsO3 + H2O ................1.3
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Figure 1.8 Model Structure of Fulvic acid

(Sugar)

(Peptide)
Figure 1.9 Model structure of Humic acid

21

is 0.56 V41. These potentials indicate that reduction of As(V) by FA could be
possible, but this might be complicated by the fact that both reactions are pH
dependent.
The role of naturally occurring humic material in trace metal complexation
has been studied extensively and this research area has been reviewed by
Gamble and Schnitzer42 and Reuter and Perdue43. The interesting reductionoxidation behavior of humic material has not received as much attention. Most
research in this area has focused on humic acid (HA)44-47 with relatively little work
on fulvic acid (FA). Wilson and Weber39 have shown that FA is capable of
reducing vanadium(V) to vanadium(IV) and concluded that the reduction potential
of FA at pH 2 was 0.5 V vs. NHE. Skogerboe and Wilson40 further showed that
the same FA was also capable of reducing Hg(II), Fe(III), I3- and I2. Since the
inorganic As(III) is more toxic than As(V), it seems imperative to investigate
whether FA is a possible reducing agent for As(V) under natural water conditions.
Chen et al.48 examined arsenic speciation in the ground waters (well
waters previously used as drinking water sources before tap water was
introduced, pH 8.1 ± 0.4) of the Blackfoot disease area (BFD) in southwest
Taiwan. The average total dissolved arsenic concentration was 671 ± 149 µg/L and
the predominant species was As (III) with an average ratio of As (III)/As (V) of 2.6.
Ultrafiltration studies suggested that the dissolved arsenic could be found
associated with two different molecular masses, <1000 (81%) and >300,000
(11%) Da. These data imply that some of the arsenic is likely associated with
fulvic acid (<1000 Da), while the rest could be associated with the higher MW
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humic acids (>300,000 Da). Humic substances had previously been found in the
well water of the BFD area by Lu et al.49, who suggested that the higher total As
concentration combined with (or perhaps the result of) the higher concentrations
of DOM might be a key factor in the cause of BFD. Hung and Liao50 also
examined the well and river water in the BFD area. They measured both the As
(III) and As (V) concentrations, and found that the well waters with the highest
concentration of As(III) also had higher concentrations of dissolved organic
carbon, FA, and HA.
As shown in Table 1.3, fulvic acids have lower molecular weights, lower
carbon contents and lower aromaticity than humic acids. Fulvic acids (redox
potentials, 0.5 V) are also better reducing agents than humic acids (redox
potential, 0.7 V)51. Humic acid is insoluble in water under acidic conditions while
fuvic acid is soluble in water under all pHs. These solubility properties are used in
the extraction and purification of these humic substances from the natural
environment (see Table 1.4). As shown in Table 1.5, source of DOM also plays a
very important role in the physical and chemical properties of these humic
substances. As a result, any study with these complex molecules should attempt
to characterize and specify their type and their source and data obtained using
one form can not be extrapolated to the other.
In West Virginia’s Potomac Valley poultry production has tripled in the last decade
and this area currently produces nearly 90 million chickens each year which
generates more than $180 million in annual revenue. Thus, the new As
contaminant level 0.010 mg L-1, could have a significant impact on the State of
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Table 1.3 Chemical properties of humic substances
HA
Solubility
Molecular
weight

Insoluble in water
under acidic conditions
> 300,000 Da

FA
Soluble in water under all pHs.
< 1,000 Da

Redox
potentials

0.7 V

Carbon
content

Higher

Lower

Aromaticity

Higher

Lower

0.5 V, better reducing agent
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Table 1.4 Fractionation of Humic Substances52.

1. HUMIN

2. HUMIC ACID

Material that can
not be extracted
into solution by
NaOH.

Fraction that can
be extracted by NaOH
but re-precipitated by
acidification.

The acid-soluble fraction
(soluble under all pH
conditions).

Color: Black

Color: Dark brown to
dark grey

Color: Light yellow to
yellow brown

i) Stream HA
• Insoluble pH < 1
• 1 500-5 000 Da
ii) Soil HA
• Soluble in 0.1 M
NaOH
• Insoluble pH < 1
• 50 000-500 000
Da
iii) Marine HA
• Insoluble pH < 1

3. FULVIC ACID

i) Stream FA
• Soluble pH ≥ 1
• 600-1 000 Da
ii) Soil FA
• Soluble in 0.1 M
NaOH & pH = 1
• Insoluble pH < 1
• 1 000-5 000 Da
iii) Marine FA
• Soluble pH ≥ 1
• Comprise > 98% of
marine humics
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Table 1.5 Types DOM

1. ALLOCHTHONOUS DOM
•

•
•
•

Derived from land from
breakdown of plant
material in soil from
microbial activity
Darker in color
Contributes bulk of DOM
to aquatic systems
More effective in reducing
metal toxicity

1. AUTOCHTHONOUS DOM
•

•
•
•

Derived from land from
breakdown of plant material
within lake from microbial
activity
Lighter in color
Less contribution of DOM
to aquatic systems
Less effective in reducing
metal toxicity
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West Virginia because Roxarsone (ROX) is an arsenic(V)-containing feed
additive that is used extensively in the poultry industry in West Virginia to
promote growth by controlling coccidial intestinal parasites.
Garbarino, et al.53 have suggested that reduction of the nitro group,
oxidative aromatic ring fission, and rupture of the C-As bond as possible
environmental reaction mechanisms of ROX. This implies that 3-amino-4hydroxyphenylarsonic acid, methylarsines, and AsO43- are possible degradation
products. They examined the aqueous extractability of ROX from PL after one
hour at room temperature and the extract contained 70% of the total arsenic.
After 48 hours of anaerobic conditions at room temperature, the ROX in this litter
had been totally transformed into different arsenic-containing components. The
transformation rate followed the usual temperature dependence; however,
sterilization rendered the ROX stable for at least 10 days, which suggested the
involvement of microorganisms. Two different soil types were amended with PL
and examined to determine the effects of soil type on ROX degradation. The
aqueous extracts of both a silted and clay pasture soil and a sandy agricultural soil
were found to contain mostly arsenate, As (V). In contrast, arsenite, As (III), was
the predominate species found in the extract of the fine fraction of bed sediment
from a ditch adjacent to the agricultural soil. Jackson and Bertsch54 found that
92% of the total arsenic in a PL was water-soluble after extraction of 1 g of the
litter with 10-mL of water for two hours and ROX was identified as the major
species (61%) in the extract.
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Role of Iron
Ferric ion is highly photochemically reactive in aqueous media and its role
in mediating photochemical redox cycling of heavy metals in natural waters has
been well-established55. According to Fukushima and Tatsumi56, light irradiation
increased the reduction of Fe(III) by humic acid by 140-230 times compared to
the rates under dark conditions. Photochemical reduction of heavy metal ions by
highly reducing organic free radicals produced through photolysis of Fe(III)organic acid coordination compounds has been suggested to be one of the most
important mechanisms of redox cycling57. For example, the reduction of
hexavalent chromium by soil humic substances was investigated by Wittbrodt and
Palmer51,58. Their earlier study concluded that the rate of Cr(VI) reduction increased
with a decrease in pH, and their later report found that the presence of Fe(III)
increased the rate of Cr(VI) reduction by the humic material. Additional work by Deng
and Stone59 on the reduction of Cr(VI) suggests that the reduction reaction can be
catalyzed by the presence of metal oxides such as α-FeOOH, α-Al2O3, and TiO2. A
recent study by Gaberell et al.60 showed an increase in the photoreduction of Cr(VI) to
Cr(III) as a function of iron content and type of dissolved organic matter (DOM) playing
a significant role. Emett and Khoe61 demonstrated a substantial increase in the
photochemical oxidation of As(III) by oxygen in the presence of Fe(III) in acidic
solutions.
Redman et al.62 recently reported that four out of six DOM samples they
studied formed complexes with both As(III) and As(V). The extent of complexation
varied with the cationic metal (primarily Fe) content of the DOM, but every
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sample of DOM showed redox behavior toward arsenic species. They also
reported that arsenite was desorbed from metal oxide surfaces to a greater
extent than arsenate. Struyk and Sposito63 investigated the redox properties of
three standard humic acids and found that at pH 5, their formal electrode
potential was 0.778 ± 0.017 V, which decreased with pH by -20.0 ± 3.2 mV per
pH unit. They also noted that the oxidation capacity of the HAs, defined as moles
off HA charge per unit mass transferred to a strong oxidant, ranged from 1.09 to
6.5 molc kg-1 at pH 5 and from 3.3 to 11.5 molc kg-1. They found a positive
correlation between oxidation capacity and the stable free radical content, but the
latter could only account for a very small fraction of the observed moles of electrons
transferred between HA and I2, the oxidant used in their study. Quinone moieties in
humic substances are widely thought to be the electron-accepting groups
responsible for the stable free radical intermediates. They proposed a hypothesis
for abiotic electron transfer reactions of HA involving complexed Fe(III) as a
mediator. Xie and Shang64 used electron spin resonance to demonstrate that the
redox functional groups in humic acid are most likely quinine-phenol moieties in
the reduction of bromate by zerovalent iron in the presence of humic acid and
quinine model compounds. They showed that simultaneous presence of Fe(III)
and humic acid increased the rate of bromate reduction compared to humic acid
alone and concluded that Fe(III)/Fe(II) acted as a catalyst.
A review of the occurrence of As(III) in groundwater33 suggested that
As(III) was more prevalent in groundwater than previously believed. The
mechanism promoting the mobility of As(III) in groundwater was the onset of
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reducing conditions in alluvium in which iron oxides have sorbed arsenic. In a more
recent review, Smedley et al.65 suggested that one of the “triggers” that can lead
to the release of arsenic on a large scale is the development of strongly reducing
conditions at near-neutral pH values. This leads to the desorption of arsenic from
mineral oxides and to the reductive dissolution of iron and manganese oxides,
also leading to arsenic release. Iron (II) and As(III) are relatively abundant in these
ground waters.
In addition to its role in the geochemical cycling of As in the environment, Iron
(especially oxyhydroxides) is used in many conventional arsenic removal procedures
due to its ability to adsorb and/or coprecipitate with As(V). Yunho Lee, et. al66 have
shown that Fe(IV) was very effective in the removal of As from water by oxidizing
As(III) to As(V) and the coagulation and/or coprecipitation with Fe(III) (Fe2(SO4)3, or
FeCl3). Use of nanoscale zero-valent ion is also one of the common and effective
methods for As(III) removal from water67 and Nanoscale Hydrated Fe(III) oxide (HFO)
have also been shown to be effective for the removal of As as both arsenate and
arsenite forms because of its high sorption affinity for both species68.
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Chapter 2: Separation of As(III) from FA and analysis.
Introduction
ICP-AES was initially used to measure As(III) produced by the reduction of
As(V) by FA. The As(III) had to be separated from As(V) before analysis because
ICP-AES does not discriminate between the two forms. Separation was achieved
by passing the reaction mixture through a strong anion resin (Dowex- 1x 8; 100200 mesh in the acetate form). The samples were acidified with HCl (1 mL per
100 mL sample). At this pH, As(III) (fully protonated H3AsO3) was eluted but the
anionic As(V) was retained. The As(V) was then eluted using 0.12M HCl as the
eluent. The anion exchange resin had a extraction efficiency of 98.5 ± 1.7 %. The
major limitation encountered using this technique was sensitivity. Since the main
objective was to study reduction of As(V) to As(III) under various conditions as a
function of time, very small amounts were produced in certain instances and
were not detectable by ICP-AES. As a result, use of this technique for As(III)
measurement was discontinued but was periodically used for total As
measurements especially when dealing with relatively high amounts measurable
by the technique.
Experimental
Square wave cathodic stripping voltammetry (SWCSV) at a hanging
mercury drop electrode was then employed to determine As(III) using a BAS
100B Electrochemical Analyzer coupled to a BAS Controlled Growth Mercury
Electrode following a procedure developed by Li and Smart27. The technique is
superior in terms of sensitivity, speed of analysis, simplicity, cost and most
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importantly measures As(III) in the presence of As(V). The procedure used is
based on the formation of an As-Cu intermetallic complex on the electrode
surface which is then reduced giving an electrochemical signal.
SWCSV peak currents during As(III) analysis were measured in the
presence of 0.8 mM Copper (II) Chloride (CuCl2) , 40 µM Hydrazine (N2H4.H2SO4), and 1.0 M hydrochloric acid (HCl) at a deposition potential of -0.55V,
and frequency of 70 Hz ( step 2 mV and scan rate of 140 mV/s). The selection of
these parameters was based on the work by Li and Smart27 with some variations
depending on the concentration of As(III). The stripping peak potentials ranged
from -0.76 V to -0.84 V.
The use of hydrazine in this method was to stabilize the peak currents,
which decreased and eventually disappeared with time during analysis. The
disappearance of the peak currents was not due to oxidation of As(III) by oxygen
because experiments were conducted under a nitrogen atmosphere. The
oxidation of As(III) by the mercuric ions formed by dissolution of Hg in HCl to
form HgCl2 was responsible, which was confirmed by adding HgCl2 to some their
reaction mixtures. Complete disappearance of the peak current when HgCl2 was
added suggested that oxidation by Hg+2 had occurred. Hydrazine can combine
with or reduce the mercuric ions and prevent them from reacting with As(III).
Hydrochloric was determined as the best acid for this method because of
the chloride ions it gives in solution. Other acids which do not have the Cl- like
H2SO4 and HClO4 could only work with the addition of NaCl solution. It was
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thought that the high concentration of Cl- at the electrode surface must increase
the As-Cu complex deposited most likely by stabilizing Cu(I).
Using these conditions, peak currents increased linearly with As(III)
concentration as shown in Figure 2.1.

Deposition mechanism
H3AsO3 + 3H+ + 3e- ↔ As0 + 3H2O
Cu2+ + Hg + 2 e- ↔ Cu(Hg)
xCu0 + yAs0 ↔ CuxAsy
Stripping mechanism
CuxAsy + 3yH+ + Hg + x e- ↔ xCu(Hg) + yAsH3
Or
Deposition mechanism
As0 + 3CuCl32- + 3e- ↔ Cu3As + 9ClStripping mechanism
Cu3As + 3H+ + Hg + 3e- ↔ 3Cu(Hg) + AsH3.

Li and Smart27 have shown that FA will interfere with the measurement of
As (III) by square wave cathodic stripping voltammetry (SWCSV) at a hanging
mercury drop electrode (see Figure 2.2). There is also evidence that FA adsorbs
onto the mercury drop electrode69. Ugapo and Pickering70 have shown that organic
colloids like humic acid and fulvic acid significantly reduce the ASV signal of Cd,
Pb, and Cu by adsorbing the metal ions.
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Figure 2.1

SWCSV peak current as a function of As(III) in the presence of 0.8
mM CuCl2, 40 uM N2H4.H2SO4. Deposition time, 1 min.,HCl, 1 M;
Deposition potential, -0.55V.
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Fulvic acid

Dodecyltrimethyl
Ammonium chloride
Sodium dodecylsulfate
(+)Triton X-100

Figure 2.2

Effect of FA, dodecyltrimethyl-ammonium chloride, sodium
dodecylsulfate and (+) triton X-100 on the SWCSV peak current of
5 nM As(III). Li and Smart27.
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Various methods exist for the removal of humic substances from aqueous
solution. These include the use of polymeric sorbents like styrene-divinylbenzene71
and XAD macroporous resins (acrylic esters)72. According to Aiken et al.72, the
usefulness of the styrene divinylbenzene resins to remove FA is limited due to slow
diffusion-controlled adsorption and formation of charge-transfer complexes which
hinder elution. They compared and evaluated five XAD resins for isolation of FA
from water. XAD-1, XAD-2, XAD-4 are hydrophobic styrene divynylbenzene
copolymers which are not easily wetted, and XAD-7 and XAD-8, which are acrylic
ester polymers of intermediate polarity. XAD-7 and XAD-8 had higher adsorption
capabilities and proved to be more efficient adsorbents than the other three. Of the
two, XAD-8 proved to be the resin of choice for the concentration and isolation of
FA because unlike the XAD-7, it did not have bleed problems. The FA in this study
was therefore removed from the solutions prior to the As(III) analysis using XAD-8
resin.
XAD-8 column preparation
Amberlite-XAD-8 20-50 mesh beads (Fluka AG, Cheische Fabrik CH9470 Buchs) were washed in 0.1 M NaOH, placed in a Soxhlet extractor and
extracted with methanol (24 hours), acetonitrile (24 hours) and diethyl ether (24
hours) in that order. The cleaned beads were stored in methanol. Some of the
cleaned beads were packed in a 20 cm3 glass column (opaque for dark reactions
and clear for light reactions) using a water-resin slurry technique. The packed
resin was thoroughly rinsed with Milli-Q deionized distilled water (4 liters) to
remove methanol. The resin was further cleaned with successive 100 mL
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volumes of 0.1 M NaOH-0.1 M HCl and left in an acid state as described by
Aiken et al.72.
Testing and optimizing the XAD-8 column
The XAD-8 column was tested for its separation efficiency by examining a
mixture of FA (100 mg/L) and As(III) (0.15 µM) at pH 2 (adjusted using HCl).
As(III) was eluted using 0.016 M HCl (4 times the volume of the sample) giving
an average percent recovery of 99.4 ± 1.2 % as shown in Table 2.1.
The presence of As(V) had no effect on the analysis of As(III) under the
analysis conditions. Some of the mixtures As(V) and As(III) were passed through
the XAD-8 column before analysis. Results were compared using the student ttest at 99 % confidence level (Table 2.2). The results also show that the XAD-8
resin does not alter the speciation of arsenic.
Results and Discussion
There is evidence that FA complexes Fe(III)73 and that this complexation
facilitates the binding of As(V) by FA through intermetallic bridging74. The binding
of Fe(III) and both As(III) and As(V) by FA is pH-dependent. The fact that we
observed quantitative separation at pH 2 suggests that chelation at this pH is not
favorable and this is due to competition from H+ for the binding sites on FA. As
shown in Figure 2.3, various solution conditions, including passing reaction
mixtures through the column did not affect the quantitation of As(III).
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Table 2.1: Recovery of As(III) using XAD-8 resin packed column.
Mixture

As(III) Recovered/µM

0.150 µM As(III) + 100 mg/l FA

0.149 ± 0.006

99.3 ± 0.4

0.150 µM As(III) + 100 mg/l FA

0.151 ± 0.008

100.7 ± 0.5

0.150 µM As(III) + 100 mg/l FA

0.148 ± 0.010

98.3 ± 0.7

0.149 ± 0.002

99.4 ± 1.2

Average

% Recovery

Each of the three mixtures was prepared in triplicate and analyzed separately (
total of 9 mixtures).
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Table 2.2:

A typical demonstration that As(V) does not interfere with the
measurement of As(III).

Mixture

peak current/µA

1.33 µM As(V)

ND

1.33 µM As(V)*

ND

1.00 µM As(III)

34.5 ±1.3

1.00 µM As(III)*

34.7 ± 1.0

1.33 µM As(V) + 1.00 µM As(III)

33.8 ±1.9

1.33 µM As(V) + 1.00 µM As(III)*

34.6 ±0.9

t(calculated)

0.621**, 0.220***, 0.662****, 0.127*****

t(tabulated 99 %)

3.500**, 4.032***, 3.707****, 4.604*****

The mixtures were passed through the XAD-8 resin packed column before
analyses. (n = 3). ND = not detected. Some mixtures were analyzed directly.
*Passed through the XAD-8 column before analysis.
**

t(calculated) & corresponding t(tabulated) values for mean values of As(III)
analyzed directly and As(III) + As(V) analyzed directly.
***

t(calculated) & corresponding t(tabulated) values for mean values of As(III)
passed through column before analysis and As(III) analyzed directly.

****

t(calculated) & corresponding t(tabulated) values for mean values of As(III) +
As(V) passed through column before analyses and As(III) + As(V) analyzed
directly.
*****

t(calculated) & corresponding t(tabulated) values for mean values of As(III)
passed through column and As(III) + As(V) passed through the column before
analysis.
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Figure 2.3

Standard addition calibration curve for the determination of an
unknown amount of As(III) produced by the reduction of As(V) by
FA in a mixture containing 10 µM As(V), 20 µM Fe(III), 100 mg/L
FA, 0.1 M LiCl, at pH 6 and 250C.
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Chapter 3: Reduction of As(V) to As(III) by FA in
aqueous solution.
Introduction
The objective of this study was to investigate the reduction of inorganic
As(V) with Suwannee River fulvic acid (FA) in aqueous solutions where pH, [FA],
[As(V)], [As(III)], and [Fe(III)] were independently varied. Samples of inorganic
As(V) were incubated with FA under both light and dark conditions at constant
temperature. Sterilization techniques were employed to ensure abiotic conditions.
Aliquots from the incubated samples were taken at various time intervals and
analyzed for As(III) using square wave cathodic stripping voltammetry at a
hanging mercury drop electrode.
Experimental
Materials and equipment.
Suwannee River Fulvic Acid Standard (FA) was obtained from the
International Humic Substances Society (IHHS) collection of reference humic
materials. The maximum quantity of reducing equivalents per milligram for this FA
was previously determined by a modified Walkley - Black method to be 112.5 ±
6.3 µequiv/mg FA or 2.7 reducing equivalents/ C58. The authors reported that in
their rate experiments less than 5% of the FA reducing equivalents had been
utilized.
The purity of the arsenic solutions was critical and the stock solutions
contained trace iron impurities (< 0.004 mg/L Fe, measured by ICP/ICPMS). The
As(V) solutions were prepared from SPEX Certiprep, Inc. PEAS2-2X 1000 mg/L
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As(V) in 2% HNO3, and was in the arsenate form. The As(III) stock solution was
prepared from As2O3 Fisher Scientific Certified. The Fe(III) stock solution was
prepared using Iron(III) sulfate puratronic, 99.999% metal based from Alfa Aesar.
Acid-washed (10% HNO3) and oven dried (160-170oC) glassware and
reagent-grade or higher chemicals (Fisher Scientific) were used in all experiments
and all solutions were prepared with Milli-Q deionized distilled water. All
glassware was rinsed with 70% isopropyl alcohol before use. HCl and NaOH
(50% w/w) was used for all pH adjustments as appropriate.
Nalgene Amber HDPE bottles (60 mL) (Fisher Scientific), acid washed
(10% HNO3) and rinsed with 70% isopropyl alcohol were used for dark incubation
reactions. Also, 20-mL aluminum foil-wrapped glass bottles which were cleaned
and treated in the same manner were used for some dark incubation
experiments. Clear polythene bottles (60 mL) and 20-mL glass bottles were used
for light incubations.
Constant temperature was maintained during incubations using an
Isotemp Immersion Circulator from Fisher Scientific. Light illumination was
provided by Sylvania Daylight Deluxe fluorescent lamps with a total wattage of
80, placed at a distance of about 30 cm from the reaction mixtures. A model
2100 pH/Temp/mV meter (VWR Scientific Products) was used to measure the
pH of solutions. As(III) analysis was done using a BAS 100B Electrochemical
Analyzer (Bioanalytical Systems, Inc.), employing a BAS Controlled Growth
Mercury Electrode. Samples not immediately analyzed were stored in a freezer
at -4 0C.
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Reaction incubations
Aliquots from a stock solution of FA were equilibrated at the appropriate
pH for 24 hours in opaque brown polythene bottles and aluminum-wrapped clear
glass vials (dark reactions) and clear polythene bottles and clear glass vials (for
light reactions) prior to being spiked with a known concentration of As(V).
Reaction mixtures in which Fe(III) was included were initially incubated for 24
hours with only FA and Fe(III). They were then equilibrated at an appropriate pH
for 24 hours before being spiked with a known concentration of As(V). All
incubations were performed in the presence of oxygen.
FA concentration was varied from 100 mg/L to 0.75 mg/L. Different size
reaction bottles were used in a bid to reduce the light path length. Different pH
conditions (2-8) were also employed as well as different As(V) and Fe(III)
concentrations. No buffer solutions were added to the reaction mixture to avoid
possible alteration of the FA chemistry and pH was periodically adjusted especially
at pH > 4, where pH decreased with time during the incubations. Experiments were
also conducted in which As(III) was the initial As species present at pH 2 and 6.
Blanks were incubated concurrently with sample mixtures.
Arsenic Analysis
The effect of each experimental parameter on the reduction of As(V) was
inferred from the measured concentration of As(III). Square wave cathodic
stripping voltammetry (SWCSV) at a hanging mercury drop electrode was
employed using a BAS 100B Electrochemical Analyzer coupled to a BAS
Controlled Growth Mercury Electrode using a procedure developed by Li and
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Smart27. Pre-concentration was carried out in 2 M HCl in the presence of 0.8 mM
CuCl2 and 40 µM N2H4 • H2SO4 at a potential of -0.4 V vs. AgCl. As(III) was
separated from FA before analysis using XAD-8 resin.
Results and Discussion.
As shown in Figures 3.1-3.4, significant reduction of As(V) was observed
at all the pH conditions studied in both light and dark, and in both the presence
and absence of Fe(III). No reduction of As(V) was observed in the blanks. There
is significant evidence for light acceleration of redox reactions between DOM and
some metal and non-metal ions, where dark conditions were used as the control.
However, in almost all cases, reaction times are usually less than 10 hrs55,56,75-78.
As shown in Figure 3.1, (100 mg/L FA), more As(V) was reduced in the dark at
pH 6 and 3.5 than in the light. This was unexpected considering the previously
reported results. It could be that our FA was too concentrated to allow much light
penetration into the reaction mixture. Therefore, the concentration of FA was
reduced to 50 mg/L (Figures 3.2 and 3.4) and finally to 0.75 mg/L (Figure 3.3).
Small narrow reaction vessels were used and isopropyl alcohol was also used to
sterilize reaction vessels. As shown, this did not alter the trend of the results. The
observation of reduction in the dark was probably the result of longer reaction
time. This could mean that photochemical reduction is not the dominant
mechanism; however, more work must be done to establish the relative rates of
all the reactions involved ( both favoring As(III) and As(V)) and the mechanism of
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Figure 3.1: Fraction of As(V) remaining (C/Co) as a function of reaction time at
pH 6 and 3.5. Initial conditions: 100 mg/L FA, 15 µM As(V), 28.8 0C.
(n = 3). No reduction of As(V) at pH 2 was found in both light and
dark. Standard deviation is within symbol size for data without error
bars.
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Figure 3.2: Fraction of As(V) remaining (C/Co) as a function of reaction time at
pH 6 in the presence of Fe(III). Initial conditions: 50 mg/L FA, 7.0
µM As(V), 25 0C. (n = 2).
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Figure 3.3: Fraction of As(V) remaining (C/Co) as a function of reaction time at
pH 6 and 7 in the presence of Fe(III). Initial conditions: 0.75 mg/L
FA, 0.50 µM As(V), 25 0C. (n = 2).
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Figure 3.4: Fraction of As(V) remaining (C/Co) as a function of reaction time at
pH 7 and 8 in dark and presence of Fe(III). Initial conditions: 50
mg/L FA, 7.0 µM As(V), 25 0C. (n = 2).
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the reaction. The net concentration of either species (As(III) or As(V)) under
given natural water conditions might be of more environmental significance than
simply reporting the rate of a particular reaction step.
In all cases, more As(V) was reduced in the presence of Fe(III) than in
the absence, under similar conditions. Fe(III) might be a catalyst, shuttling
electrons between FA and As(V). Similar behavior of iron was reported in the
study of the reduction of Cr(VI)51,58,59,75. Fe(III) was also reported to substantially
increase the photochemical oxidation of As(III) by oxygen under acidic
conditions76. Fe(III) may also facilitate complex formation between FA and As(III)
through intermetallic bridging which will then enhance reduction of As(V).
To date no work has been reported on the reduction of As(V) to As(III) by
DOM under conditions similar to natural water. Our findings introduce a new
dimension with regard to the speciation of arsenic. Dark oxidation and reduction
of metals (under conditions similar to natural water systems) has also not
received much attention. The dark reduction of As(V) might explain the
concentration of As(III) observed by previous researchers in natural water
systems as cited earlier. Also, the presence of oxygen would suggest that As(V)
would be relatively more stable with respect to As(III), but the results indicate the
opposite under the conditions investigated.
As shown in Figure 3.5, As(III) is less stable at pH 2 with respect to
oxidation by FA compared to oxidation at pH 6. This implies that As speciation in
the presence of FA is pH dependent, with pH 6 favoring As(III) and pH 2 favoring
As(V). Blanks at pH 6 (both light and dark) show evidence of air oxidation of
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As(III) at longer incubation times. At pH 2, no such oxidation was recorded in the
blanks. This can have serious environmental consequences since most natural
water pH ranges from 6-8, which will tend to favor the accumulation of the more
toxic As(III) under conditions similar to those employed in this study. We have
also shown that reduction of As(V) at pH 2 is negligible compared to reduction at
pH 3.5 and 6.
Oscarson et al.79 studied the oxidation of As(III) by aquatic sediments.
They reported similar amount of oxidation at around pH 8 in both the presence
and absence of an anti-microbial agent. It is interesting to note that the extent of
oxidation of As(III) in their study is not as large as the extent of reduction of As(V)
we observed at pH 8. Their study actually correlates with the observations in our
study that at higher pH, reduction of As(V) is much higher than the oxidation of
As(III).
Our findings could also explain observations by Korte and Fernando33,
Chen et al.48, Lu et al.49 and Hung and Luo50. The later three independently
reported higher levels of As(III) in the BFD area of Taiwan where there were high
levels of humic substances. The former reported higher amounts of As(III) than
previously believed.
It has been suggested that sorption and desorption of As from metal
oxide surfaces in the natural environment is the most important mechanism for
the speciation, mobility and toxicity of As, with DOM playing a very significant
role13;62. Another possible role that DOM (FA in this study) might play in the
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Figure 3.5: Concentration of As(III) remaining as a function of reaction time.
Initial conditions: 1.00 µM As(III), 100 mg/L FA, 25 oC. n = 2. Blanks
analyzed at both pH 2 and 6 in the dark showed no significant
oxidation of As(III).
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speciation, mobility and toxicity of As is as an electron shuttle between As(V) and
As(III). This implies that in the natural environment, DOM could desorb As (both
arsenate and arsenite) form metal oxide surfaces62, and reduce the arsenate to
arsenite (this study) thus increasing the levels of arsenite relative to that of
arsenate in the water column. It has also been observed that the arsenite can
also be oxidized to arsenate under certain conditions62,75,78,80. Our research
shows that DOM can play an important role in the speciation, and toxicity of As
and helps explain the high prevalence of As(III) in areas with high levels of DOM.
Arai81 studied As speciation and reactivity in poultry litter. They reported a
total As in poultry of 50 mg/kg. According to their report, As desorption from the
PL increased with increasing time and pH from 4.5 to 7. Jackson et al.54 reported
As(V) as the major species in 50 % of the PL samples investigated. Gabarino et
al.53 reported that the major As species in degraded PL was As(V) and soil
amended with PL could eventually have very high levels of As(V). If this soil is
leached or eroded into water systems were there are conditions similar to those
employed in this study, the As(V) will be reduced to the more toxic As(III).
Summary
The study demonstrated the following important aspects of As speciation:
1) FA can significantly reduce As(V) to As(III), 2) Reduction of As(V) to As(III) is a
function of time, 3) Both dark and light conditions promote reduction of As(V) to
As(III), 4) Fe(III) speeds up the reduction reaction, and 5) Oxidation of As(III) to
As(V) is promoted at pH 2 more than at pH 6.

This may have serious
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environmental consequences because some of the conditions employed in our
study are similar to those found in natural water.
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Chapter 4: Mechanism of the reduction of As(V) to As(III)
by FA in aqueous solution. The role of Fe(III).
Introduction
Ferric ion is highly photochemically reactive in aqueous media and its role
in mediating photochemical redox cycling of heavy metals in natural waters has
been well-established55. According to Fukushima and Tatsumi56, light irradiation
increased the humic acid reduction of Fe(III) by 140-230 times compared to the
rate under dark conditions. Photochemical reduction of heavy metal ions by highly
reducing organic free radicals produced through the photolysis of Fe(III)-organic
acid coordination compounds has been suggested to be one of the most
important mechanisms of redox cycling82. For example, the reduction of
hexavalent chromium by soil humic substances was investigated by Wittbrodt
and Palmer51,58,83. Their earlier study concluded that the rate of Cr(VI) reduction
increased with a decrease in pH, and their later report found that the presence of
Fe(III) increased the rate of Cr(VI) reduction by the humic material. Additional work
by Deng and Stone59 on the reduction of Cr(VI) suggests that the reduction
reaction can be catalyzed by the presence of metal oxides such as α-FeOOH, αAl2O3, and TiO2. A recent study by Gaberell, et al60 showed an increase in the
photoreduction of Cr(VI) to Cr(III) as a function of iron content and type of dissolved
organic matter (DOM) playing a significant role. Emett and Khoe76 demonstrated a
substantial increase in the photochemical oxidation of As(III) by oxygen in the
presence of Fe(III) in acidic solutions.
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Most research has focused on photochemical Fe(III)-mediated oxidation
or reduction of heavy metals in natural waters; however, redox cycling under dark
conditions has not been given as much attention. The significance of our work is
important in natural water systems where DOM and iron, which are both very
common constituents in soil and ground water, may result in As(III)
contamination. At this time, no information is available on the mechanism of the
reduction of As(V) by DOM in the presence or absence of iron under both light
and dark conditions. Given the toxicity of arsenic, its prevalence in natural water
systems in certain regions of the world like Bangladesh35, and the current efforts
to develop simple and cheaper arsenic removal technologies36, we have
investigated the mechanism of the reduction of As(V). FA was used as a model
of DOM in the presence and absence of iron under both the light and dark
conditions.
An understanding of the mechanism of the redox cycling and speciation
of arsenic could help in the development of cheaper and more efficient arsenic
removal technologies especially considering the new U.S. drinking water
maximum contaminant level for As (0.010 mg L-1). Most arsenic removal
technologies are based on the oxidation of the more toxic and more mobile
As(III) to the less toxic and less mobile As(V). Most research has focused on the
oxidation of As(III) to As(V) although it is equally important to explore
environmental factors that enhance the reduction of As(V) to As(III) for a full
understanding of the geochemical cycle of arsenic.
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FA can reduce As(V) to As(III) in light and dark in the presence and
absence of Fe(III). The amount of reduction increased with pH and time. The
study however did not establish the mechanism of the reduction reaction. The
main objective of this work was therefore to establish the mechanism of the
reduction of As(V) by FA in aqueous solutions.
The following equations will be referred to throughout this chapter. The
equations are over-simplifications and are not meant to show the exact form of
the species involved but mainly the oxidation state. In the discussion, an attempt
is made to give the exact form of particular chemical species as appropriate.

Dark, no Fe(III)
As+5 + FAred → As+4 + FAox

4.1

As+4 + FAred → As+3 + FAox

4.2

Light, no Fe+3
FA + hv → FA*

4.3

FA* + O2 → ▪FA+ ▪O2-

4.4

•

4.5

•

O2- + As+5 → As+3 + O2

4.6

▪

4.7

O2- + As+5 → As+4 +O2

O2- + ▪O2- + 2H+ → H2O2 + O2

SFA + H2O + hv → ▪OH + products

4.8

As+4 + H2O2 → OH + OH+ + As+5

4.9

As+4 + ▪O2- → As+3 + O2

4.10

▪

4.11

OH + As+3 → As+4 + OH-
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Light, low pH, Fe+3
Fe3+-FA + hv → Fe2+ + FA+

4.12

FA + O2 + hv → FA▪- + O2▪-

4.13

FA▪+ + O2 → O2▪- + FA2+

4.14

Fe3+ + O2▪- → Fe2+ + O2

4.15

FeOH2+ + hv → Fe2+ + ▪OH

4.16

As3+ + ▪OH → As4+ + OH-

4.17 (K = 8.5 x 109, Klaning, 1989).

Fe2+ + ▪OH → Fe3+ + OH-

4.18 (K = 2.3 x 108, Jason, 1972).

Effect of the chloride ion
FeCl2+ + hv → Fe2+ + ▪Cl

4.19

▪

Cl + Cl- → ▪Cl2-

4.20 (K = 2.1 x 1010, Khoe, 2001).

As3+ + ▪Cl2- → As4+ + 2Cl-

4.21

Fate of As4+ in the presence of iron
The following reaction may occur:
As4+ + Fe2+ → As3+ + Fe3+

4.22

As4+ + Fe3+ → As5+ + Fe2+

4.23

Experimental
Materials and methods
Suwannee River Fulvic Acid (FA) was obtained from the International
Humic Substances Society (IHHS) collection of reference humic materials. The
As(V) solutions were prepared from SPEX Certiprep, Inc. PEAS2-2X 1000 mg/L
As(V) in 2% HNO3 in which As(V) was in the arsenate (AsO4-3) form, and the As(III)

57

stock solution was prepared from As2O3 Fisher Scientific Certified . Fe(III) stock solution
was prepared from iron(III) sulfate puratronic, 99.999% metal basis from Alfa Aesar.
Amberlite-XAD-8 20-50 mesh (Fluka AG, Cheische Fabrik CH-9470
Buchs) was packed in both an opaque glass column (dark experiments) and a
clear glass column and was used to separate FA from the arsenic species before
analysis. Acid-washed (10% HNO3) and oven dried (160-170oC) glassware and
reagent-grade or higher chemicals (Fisher Scientific) were used in all experiments
and all solutions were prepared with Milli-Q deionized distilled water. All
glassware was rinsed with 70% isopropyl alcohol before use. HCl (optima) and
NaOH (50% w/w) were used for all pH adjustments as appropriate.
Nalgene Amber HDPE bottles (60 Ml, Fisher Scientific), acid-washed
(10% HNO3) and rinsed with 70% isopropyl alcohol were used for dark incubation
reactions. Also, 20-mL aluminum foil-wrapped glass bottles which were cleaned
and treated in the same manner were used for some dark incubation
experiments. Clear polythene bottles (60 mL) and 20-mL glass bottles were used
for light incubations.
Temperature was maintained constant during incubations using an
Isotemp Immersion Circulator from Fisher Scientific. Light illumination was
provided by Sylvania Daylight Deluxe fluorescent lamps (80 watts), placed at a
distance of about 30 cm from the reaction mixtures. A model 2100 pH/Temp/mV
meter (VWR Scientific Products) was used to measure the pH of solutions.
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XAD-8 column preparation
Amberlite-XAD-8 20-50 mesh beads (Fluka AG, Cheische Fabrik CH9470 Buchs) were washed in 0.1 M NaOH, placed in a Soxhlet extractor and
extracted with methanol (24 hours), acetonitrile (24 hours) and diethyl ether (24
hours) in that order. The cleaned beads were stored in methanol. Some of the
cleaned beads were packed in a 20 cm3 glass column (opaque for dark reactions
and clear for light reactions) using a water-resin slurry technique. The packed
resin was thoroughly rinsed with Milli-Q deionized distilled water (4 liters) to
remove methanol. The resin was further cleaned with successive 100 mL
volumes of 0.1 M NaOH-0.1 M HCl and left in an acid state as described by
Aiken et al72.
Reaction incubations.
Aliquots from a stock solution of FA were equilibrated at the appropriate
pH for 24 hours prior to being spiked with a known concentration of As(V).
Reaction mixtures in which Fe(III) was included were initially incubated for 24
hours with only FA and Fe(III). They were then equilibrated at an appropriate pH
for 24 hours before being spiked with a known concentration of As(V). All
incubations were performed in the presence of oxygen.
HCl (Fisher Optima) or NaOH (50% W/W Fisher Certified) were used to
adjust pH of the reaction mixtures as appropriate. No buffer was added to the
reaction mixtures as it was felt that this could alter the chemistry of FA. As a
result, pH was periodically adjusted especially at higher pH (pH > 4) where pH
slightly decreased with time. The incubated mixtures were examined after
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specific reaction times. Blanks (no FA) were treated the same and the
experiments were run in triplicate.
Separation of FA from arsenic species.
It has been shown by Li and Smart27 that FA will interfere with the
measurement of As(III) by square wave cathodic stripping voltammetry (SWCSV)
at a hanging mercury drop electrode. Therefore, the FA in this study was
removed from the solutions prior to the As(III) analysis by passing 10-mL aliquots
of the solutions through a column of XAD-8 resin. At pH 2, FA is adsorbed onto the
XAD-8 resin and retained by the column. The eluting solution for the arsenic
species was 0.016 M HCl. For each 10-ml aliquot, 4 x 10-ml fractions containing
arsenic species were collected and analyzed for As(III). The FA was eluted at pH
13 using 0.1 M NaOH and the XAD-8 was washed, conditioned, and stored in the
acid state according to the procedure described by Aiken, et al72.
Arsenic Analyses
The effect of each experimental parameter on the reduction of As(V) was inferred
from the measured concentration of As(III). Square wave cathodic stripping
voltammetry (SWCSV) at a hanging mercury drop electrode was employed using
a BAS 100B Electrochemical Analyzer coupled to a BAS Controlled Growth
Mercury Electrode using a procedure developed by Li and Smart27. Preconcentration was carried out in 2 M HCl in the presence of 0.8 mM CuCl2 and 40 µM
N2H4 • H2SO4 at a potential of -0.4 V vs. AgCl. As(III) was separated from FA
before analysis using XAD-8 resin.
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Determination of Fe(II)
Samples for Fe(II) analyses were prepared using the o-phenanthroline
method. The prepared samples were then analyzed using UV/Vis
spectrophotometry at 500 nm using the standard addition technique.
The o-phenanthroline method for Fe(II) determination
Fe(II) in solution is almost colorless but forms a stable intensely colored
complex with o-phenanthroline (1, 10-phenanthroline). The intensity of the color
is pH dependent and ranges in intensity from pH 2-9. Ammonium acetate buffer
is used to adjust the pH to between 6 and 9 where the complex absorbs at 510
nm. For standard preparation, hydroxylamine solution is used to reduce all the
Fe(III) to Fe(II) according to the following equation

2Fe+3 + 2NH2OH + 2OH- ↔ 2 Fe+2 + N2 + 4H2O

4.24

Electron Paramagnetic Resonance (EPR) measurements
EPR measurement were done at X-band frequency of 9.676 GHz in
aqueous solutions containing 0.12 M As(V) and 100 mg/L FA, adjusted to the
desired pH using HCl (optima) or NaOH (50 % w/w, Fischer certified) as
appropriate placed in a Heraeus flat cell using a Varian E-3 EPR Spectrometer.
The electronic splitting factor (g-value) for humic acid alone according to
previous work by Goodgame et al.84 is at g = 2.004 ± 0.001 with a line width of
0.4 mT. For FA alone the free radical was observed at g = 2.00585. As(IV) is p1,
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therefore g < 2. The hyperfine lines, given by 2nI + 1, where n = number of nuclei
and I = nuclear spin (3/2), for one nucleus As(IV) should be 4.
EPR has been used extensively to study the free radical content of humic
substances and also to study the interaction of humic substances and metal ions.
Wilson and Weber86 analyzed the solid state and aqueous solution electron spin
resonance of Oyster River and Podzol soil FA and HA. They concluded that
semiquinone radicals predominate in fulvic acid and that the semiquinone
radicals are partially responsible for the reducing capability of humic substances.
Krumpolc et al.87 used EPR to study and characterize the first stable Cr(V) they
had prepared and Chappell et al.88 quantified the Cr(V) in environmental and
medicinal samples using the same technique. Goodgame et al.84 and Boyko and
Goodgame85 used EPR to study the interaction of humic acid and Cr(VI) and the
interaction of fulvic acid and Cr(VI) respectively. In both cases, Cr(V) was
detected showing that both humic acid and fulvic acid

have the capacity to

reduce Cr(VI).
Results and discussion
The XAD-8 column was tested for its separation efficiency by examining
mixtures of FA and As(III) at pH 2. As(III) was eluted using 0.016 M HCl (4 times
the volume of the sample) giving an average percent recovery of 99.4 ± 1.2. FA
has been previously shown to complex both As(III) and As(V) at pH 589. The fact
that we had quantitative recovery of As(III) at pH 2 suggests that lower pH
caused dissociation of the As-FA complex (most likely due to protonation of both
FA and arsenic). The presence of As(V) was determined to have no effect on the
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analysis of As(III) under the analysis by analyzing mixtures for As(III) in the
presence and absence of As(V) . Some of the mixtures were run through the
XAD-8 column before analysis to check if the XAD-8 would alter arsenic
speciation. The results (99 % confidence) showed that the XAD-8 resin does not
alter the relative proportions of As(III) and As(V).
The redox reaction between DOM and metal redox couples has been
previously reported to involve one electron transfer steps51. With the As(V)/As(III)
couple, it is likely that the first step involves the reduction of As(V) by FA to a
very unstable As(IV) intermediate. The fate of As(IV) depends on the reaction
conditions. It can be further reduced to As(III) or it can be re-oxidized to As(V).
Detection of As(III) suggests that the As(IV) can be reduced to As(III). The ratedetermining step is probably the first step, which was reported to be very slow in
the absence of light for some redox couples51. Previous studies by Klaening, et
al90 showed the existence of As(IV) exists that the rates of its formation and
disappearance are comparable.
As shown in Figure 4.1, substantial reduction of As(V) occurred under
both light and dark conditions at pH 6, with slightly more reduction under dark
conditions as reaction time increased. This was unexpected considering the
previously reported results for other metal ions and DOM60. It could be that our
FA was too concentrated to allow much light penetration into the reaction
mixture. Therefore the concentration of FA was reduced to 50 mg/L and 0.75
mg/L. Small and narrow reaction vessels were also used as a way to reduce the
light path length. As shown, this did not alter the trend of the results. The
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Fraction of As(V) (C/Co) remaining as a function of time at pH 6.
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observation of dark reduction was probably the result of the longer reaction time
employed which allowed more As(III) to accumulate. This also suggests that
photochemical reduction is not the only abiotic mechanism responsible for the
production of As(III).
Additional results for experiments conducted at pH 4 are shown in Figure
4.2. The reduction of As(V) increased greatly in the presence of Fe(III) which
could be the result of Fe(III)-facilitated binding of the As(V) by FA through
intermetallic bridging.
At pH 6 (Figure 4.3) however, the amount of reduction in the absence of
Fe(III) is comparable to that in the absence of Fe(III).This could be that at pH 6
conditions are more suitable for the binding of arsenate by FA which is a precondition for reduction. At low pH the effect of Fe(III) is more noticeable because
under these conditions the binding of the arsenate is not favorable due to H+
competition and Fe(III) facilitates the binding through the bridging mechanism.
The Fe(II) produced (quantified as shown in Figure 4.4) by reduction of Fe(III) by
FA could also take part in the subsequent reduction of As(V). The binding of
As(V) by FA is more likely to occur at higher pH due to protonation at low pH.
As shown in Figure 4.5, no As(III) was detected prior to 120 hours of
incubation in the absence of Fe(III) in both light and dark conditions, whereas in
the presence of Fe(III) it was detected after 24 hrs. It is clear that the presence of
Fe(III) increased the amount of As(V) reduced. At both 120 and 700 hours of
dark incubation in the absence of Fe(III), more As(III) accumulated than in the
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Percent As(III) produced by the reduction of As(V) by FA in the
presence of Fe(III) at pH 4 and 28.8 oC under light conditions. Initial
reaction conditions: 100 mg/L FA, 15 µM As(V), 10 µM Fe(III).(Error
bars not included).
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Percent As(III) produced by the reduction of As(V) by FA in the
presence of Fe(III) at pH 6. Initial reaction conditions: 28.8 oC, 100
mg/L FA, 15 µM As(V), 10 µM Fe(III).
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presence of Fe(III) under both light and dark conditions. This suggests that Fe(III)
is essential to catalyze the reduction of As(V), but the net production of
As(III)must depend on the relative rates of the reduction of As(V) and the reoxidation of the As(III) produced by the reductants (Fe(II), FA, ▪FA) and oxidants
(▪OH, Fe(III), ▪Cl2-) produced under specific conditions.
Several experiments were conducted to examine the conditions that favor
oxidation of As(III). More oxidation of As(III) by FA was observed at pH 2 than at
pH 6 (chapter 3, Figure 3.5). Previous studies have also reported oxidation of
As(III) at low pH (< 2.5) in the presence of Fe(III) under UV-light conditions61. The
combination of DOM, Fe(III), oxygen, chloride ions and low pH can result in the
formation of very reactive free radicals which will oxidize As(III) (reaction 4.17)90.
Kocar, Benjamin and Inskeep78 have previously shown that the •OH was the main
free radical responsible for As(III) oxidation and they observed significant
oxidation rates of As(III) in natural waters containing dissolved organic carbon.
Fe(III) can also oxidize the intermediate As(IV) (reaction 4.23) and Fe(II)
can reduce it to back to As(III) (reaction 4.22). This means that the relative ratio
of Fe(II)/Fe(III) is likely to play a very significant role in the net production of
As(III). The rates of these two reactions have been reported to be similar61 so the
break point might be the relative proportions of Fe(II)/Fe(III) in the reaction
mixture.
As shown in Figure 4.6, Fe(III) is reduced to Fe(II) after 24 hours by FA at
pH 2, suggesting that Fe(II)/Fe(III) is high and reduction of As(IV) will therefore
be dominant. The production of •OH, as mentioned earlier, will result in less
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As(III) produced under light conditions due to the reoxidation. This could
explain the fluctuations shown in the amount of As(III) produced in the presence
of Fe(III) in light. The production of OH is not expected under dark conditions,
and therefore, As(III) will accumulate with time. It is also shown in Figures 4.6
and 4.7 that a higher amount of Fe(II) does not result in an increase in the
amount of As(III) produced at pH 2. A possible explanation could be that Fe(II)
does not directly reduce As(V) but As(IV). At pH 6, where FA can reduce As(V) to
As(IV) and As(III) even in the absence of Fe(III), the Fe(II) produced most likely
increases the rate of As(V) reduction by reducing the intermediate As(IV). As
shown in Figure 4.7, less Fe(II) was produced but more As(III) was produced at
pH 6 than at pH 2 under the same conditions.
Bednar, A. J., et al91 reported a rapid oxidation of As(III) to As(V) in 0.06
M hydrochloric acid both with and without exposure to light. They argued that a
trace iron impurity was present in the samples, which promoted the oxidation of
As(III) under such conditions. It is well known that iron, especially Fe(III), helps in
the photochemical oxidation of As(III) to As(V) in the presence of oxygen,
chloride ions and in acidic solutions61. This could be the reason for low amount of
As(III) at low pH in the presence of light but does not explain why low amounts of
As(III) were obtained in the dark as well as in those reactions without Fe(III). As
shown in Figure 4.8, the amount of reduction of As(V) to As(III) increased with pH
suggesting that higher pH favors complex formation between FA and As(V)
which leads to reduction of As(V). The effect of chloride ion reaction 4.21 can
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Percent As(III) produced as a function of time at 25 oC under dark
conditions. Initial reaction conditions: 0.50 µM As(V), 0.75 mg/L
FA, 2.2 µM Fe(III).
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also result in lower amounts of As(III) at a given time. To establish the effect of
the chloride ion, experiments were carried out at pH 2 in sulfuric acid instead of
hydrochloric acid. Similar results shown in Figure 4.9 were obtained which
suggests that the pH effect is the most logical explanation for the observed
results. The presence of sulfate has been reported to have no effect on the
oxidation of As(III) and sulfuric acid (0.09 M) was found to be a better
preservative of the As(V) and As(III) species91.
Cycling of Fe(II)/Fe(III) in the presence of Suwannee River FA has been
previously reported92. The rate of As(III) oxidation by oxygen was very low except
in the presence of dissolved Fe(III) and near-UV light62,76,78,93; however, we
obtained results that were similar in both light and dark conditions.
As shown in Figure 4.10, As(IV) could not be detected by EPR. The
existence has been established90. Perhaps the concentration was below the
detection limit of the instrument or it was too unstable under the conditions
investigated to be detected.
Hypothesis: Reduction via complex formation.
As cited earlier, there is evidence that FA can complex arsenic species.
At pH 2, Fe(III) is most likely in cationic form, e.g. FeOH2+ (2), As(V) is likely to be
in the form, H3AsO4 /H2AsO4- (19) and FA is almost completely protonated, but
some negative centers could still exist. The fact that Fe(III) and As(V) have
different charges means that they bind non-competitively at different sites on the
FA molecule and that their subsequent reduction by FA is also non-competitive.
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a)

(b)
Figure 4.10: X-band EPR spectra of (a) 100 mg/L FA and (b) 100 mg/L FA and
0.12 M As(V) at pH 6. g = 2.0066 for both.
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Fe(III), because it is cationic, could also facilitate binding of As(V) by FA through
intermetallic bridging by being bound first, increasing chances of reduction of
As(V) by FA. The cationic Fe(III) could also bind As(V), forming a cationic
complex which would then form a complex with FA resulting in the reduction of
As(V). This would explain the increased rate of production of As(III) in the
presence of Fe(III) and the extent of reduction of As(V) would then depend on
the likelihood that these complexes are formed.
At pH 2 this complex formation is limited by competition for FA from H+,
and the rate of reduction of As(V) will be low as well. The fact that there was a
higher amount of Fe(II) produced but very small amount of As(III) at pH 2
suggests that Fe(II) could be able to reduce As(IV) and not As(V). As a result, if
conditions do not favor the production of As(IV) in solution, which should happen
after the binding of As(V) by FA, very little or no As(III) could be detected. This
could explain the little production of As(III) even though higher amounts of Fe(II)
were observed at pH 2 where binding of As(V) by FA is very unlikely.
At higher pH, both As(V) and FA are more anionic (H2AsO4-) and Fe(III) is
cationic, FeOH2+/Fe(OH)2+. There is less competition from H+ for FA at higher pH
and complex formation through intermetallic bridging is also more likely, which
results in the higher reduction rates. It has been previously observed that despite
the anionic character of both DOM and arsenate, complexation can occur due to
ternary complexation involving cationic metals62. DOM readily forms both
aqueous and surface inner sphere complexes with cationic metals and metal
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oxides and the aqueous DOM-metal complexes can then associate strongly with
other dissolved anions by metal bridging mechanisms62.
The metal content of Suwannee River FA was reported to be as follows :
Fe (13 ± < 1µg/l), Al (8 ± < 1µg/l), and Mn (1 ± < 1 µg/l)62. The metals are
completely complexed and normalized to 1 mg C/L DOM. It was also showed
that the higher the metal content the greater the extent of complexation. The
observation that DOM interacts with arsenic oxyacids to promote arsenite
mobility relative to that of arsenate supports our suggestion that the reduction of
arsenate to arsenite is facilitated by complexation. Arsenate can be complexed
by DOM and subsequently reduced to arsenite. This could increase the free
As(III) in the water column, thus increasing its mobility and bioavailability. The
presence of these cationic metals in FA could facilitate the complexation and
subsequent reduction of As(V) in reaction mixtures where Fe(III) was not added.
The lack of reduction of As(V) at pH 2 in the presence of both light and
dark in this study is explained by our hypothesis. To date, this seems to be the
most logical explanation for the behavior of arsenic species under the conditions
investigated. The mechanism for the reduction of As(V) by complexation is
shown in Figure 4.11.
Pathway I involves binding of the As(V) anion (H2AsO4-, HAsO42-) and
pathway II involves binding of Fe(III) cation (FeOH2+, Fe(OH)2+) to the negatively
charged FA molecule. Pathway I involves direct binding of As(V) by FA resulting
in the reduction of As(V) to the intermediate As(IV). The fate of the very unstable
As(IV) depends on experimental conditions. In light, it is most likely reduced to
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As(III) by FA•-, O2•-, and FA-. In dark, FA- is most likely the reducing agent.
Pathway II only occurs in the presence of Fe(III). The anionic FA binds the
cationic Fe(III) resulting in the reduction of Fe(III) to Fe(II) which then reduces
As(IV) (pathway IIA).
FeOH2+ and H2AsO4- can form a positive complex as shown in pathway
III. The cationic complex and the arsenate anion, bind at different sites on the on
the FA molecule non-competitively as a result of their different charges, with
reduction of both species taking place at the binding sites. There is evidence that
FA binds iron73, and that FA also binds arsenic89. Arsenate and arsenite have
also been reported to bind onto metal oxides including those of Fe62. The
proposed mechanistic pathways in this study, based on these observations are
most likely valid. The key step for reduction of As(V) to occur under all conditions
is formation of the As(V)-FA complex. Fe(II), FA▪- and O2▪- can only take part in
the reduction of As(V) to As(III) when conditions favor complex formation and
subsequent formation of As(IV). At pH 2 where these reductants can still be
produced, we observed very low reduction rates.
Summary
The reduction of As(V) by FA is hypothesized to occur via complexation,
which is greatly enhanced by the presence of iron through intermetallic bridging.
Fe(III) plays two roles: (i) facilitates binding of arsenate by FA which results in the
reduction of As(V) to the intermediate As(IV), and (ii) Fe(II) produced by the
reduction of Fe(III) by FA reduces As(IV) to As(III). Reduction of As(V) and Fe(III)
by FA should be non-competitive because they should bind on different sites on
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Figure 4.1

Proposed Mechanism based on reduction via complexation. Note
that soluble Fe(III) exists as soluble complexes with inorganic and
organic ligands (see supporting data for reactions forming the
reductants and the oxidants).
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FA as a result of their different charges. The reduction of arsenate and the
arsenate in the arsenate-ferric association is also non-competitive but additive,
hence enhanced reduction is seen in the presence of Fe(III). The reduction
reaction is felt to follow two one-electron step mechanisms, with Fe(II) reducing
As(IV) and not As(V). In solutions where no Fe(III) was added, binding of the
negative arsenate by the negative FA occurs through intermetallic bridging by
cationic metals inherent in the FA. Competition from H+ ions for the binding sites
on FA at lower pH results in the diminished reduction at low pH. The reduction of
As(V) is enhanced in the presence of Fe(III). The accumulation of As(III) was less
compared with dark conditions which may be because of free radical oxidant
formation under light conditions.
The accumulation of As(III) as a function of time under light conditions was
less compared to that under dark conditions. This may be the result of •OH
formation under light conditions which can then reoxidize As(III).
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Chapter 5: Kinetics of the Reduction of As(V) to As(III)
by FA in Aqueous Solution
Introduction
The As(V) reduction rates could be affected by the initial concentration of
FA as well as As(V). The background electrolyte used could also influence the
reduction rates. In order to determine these effects, experiments were performed
to evaluate the effects of initial concentrations and background electrolyte on the
kinetic constants for the reduction of As(V) by FA.
Experimental
Materials and reagents
Suwannee River Fulvic Acid (FA) was obtained from the International
Humic Substances Society (IHHS) collection of reference humic materials. The
As(V) solutions were prepared from SPEX Certiprep, Inc. PEAS2-2X 1000 mg/L
As(V) in 2% HNO3 in which As(V) was in the arsenate (AsO4-3) form, and the As(III)
stock solution was prepared from As2O3 Fisher Scientific Certified . Fe(III) stock solution
was prepared from iron(III) sulfate puratronic, 99.999% metal basis from Alfa Aesar. Lithium
chloride was obtained from Fisher Scientific.
Amberlite-XAD-8 20-50 mesh (Fluka AG, Cheische Fabrik CH-9470
Buchs) was packed in both an opaque glass column (dark experiments) and a
clear glass column and was used to separate FA from the arsenic species before
analysis. Acid-washed (10% HNO3) and oven dried (160-170oC) glassware and
reagent-grade or higher chemicals (Fisher Scientific) were used in all experiments
and all solutions were prepared with Milli-Q deionized distilled water. All
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glassware was rinsed with 70% isopropyl alcohol before use. HCl (optima) and
NaOH (50% w/w) were used for all pH adjustments as appropriate.
Nalgene Amber HDPE bottles (60 Ml, Fisher Scientific), acid-washed
(10% HNO3) and rinsed with 70% isopropyl alcohol were used for dark incubation
reactions. Also, 20-mL aluminum foil-wrapped glass bottles which were cleaned
and treated in the same manner were used for some dark incubation
experiments. Clear polythene bottles (60 mL) and 20-mL glass bottles were used
for light incubations.
Temperature was maintained constant during incubations using an
Isotemp Immersion Circulator from Fisher Scientific. Light illumination was
provided by Sylvania Daylight Deluxe fluorescent lamps (80 watts), placed at a
distance of about 30 cm from the reaction mixtures. A model 2100 pH/Temp/mV
meter (VWR Scientific Products) was used to measure the pH of solutions.
XAD-8 column preparation.
The XAD-8 beads (20-50 mesh) were prepared according to the method
described by Aiken, et al72 and packed in a 20 cm3 glass column (opaque for
dark reactions and clear for light reactions) using a water-resin slurry technique.
Reaction incubations.
Aliquots from a stock solution of FA were equilibrated at the appropriate
pH for 24 hours prior to being spiked with a known concentration of As(V).
Reaction mixtures in which Fe(III) was included were initially incubated for 24
hours with only FA and Fe(III). They were then equilibrated at an appropriate pH
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for 24 hours before being spiked with a known concentration of As(V). All
incubations were performed in the presence of oxygen.
HCl (Fisher Optima) or NaOH (50% W/W Fisher Certified) were used to
adjust pH of the reaction mixtures as appropriate. No buffer was added to the
reaction mixtures as it was felt that this could alter the chemistry of FA. As a
result, pH was periodically adjusted especially at higher pH (pH > 4) where pH
slightly decreased with time. The incubated mixtures were examined after
specific reaction times. Blanks (no FA) were treated the same and the
experiments were run in triplicate.
Separation of FA from arsenic species.
It has been shown by Li and Smart27 that FA will affect with the
measurement of As(III) by square wave cathodic stripping voltammetry (SWCSV)
at a hanging mercury drop electrode. Therefore, the FA in this study was
removed from the solutions prior to the As(III) analysis by passing 10-mL aliquots
of the solutions through a column of XAD-8 resin.
Arsenic Analyses.
The effect of each experimental parameter on the reduction of As(V) was
inferred from the measured concentration of As(III). Square wave cathodic
stripping voltammetry (SWCSV) at a hanging mercury drop electrode was
employed using a BAS 100B Electrochemical Analyzer coupled to a BAS
Controlled Growth Mercury Electrode using a procedure developed by Li and
Smart27 (12). Pre-concentration was carried out in 2 M HCl in the presence of 0.8
mM CuCl2 and 40 µM N2H4 • H2SO4 at a potential of -0.4 V vs. AgCl.
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Results and discussion
Effect of FA concentration on the kinetics of the reduction reaction
Rate of reduction reaction of As(V), r, can be written as follows:
r = -d[As(V)]/dt = kobs[As(V)]

5.1

where kobs is the pseudo-first-order rate constant.
Concentration of As(V) after a certain incubation period is obtained by
subtracting the concentration of produced As(III) from the initial concentration of
As(V).
Integrating Equation 1 gives:
ln{([As(V)]initial – [As(III)])/[As(V)]initial]} = kobst

5.2

The effect of FA concentration on the reduction kinetics is shown in Figure 5.1.
Values of kobs were evaluated from the slopes of the lines according to Equation
5.2. No reduction of As(V) was observed in the absence of FA. The amount of
As(V) reduced increased with an increase in the concentration of FA and as
shown Table 5.1 with FA concentration. Rearranging Equation 6.1 by considering
concentration of FA gives:
r = -d[As(V)]/dt = kFA[As(V)][FA]

5.3

where kFA is the empirical second-order rate constant.
From Equations 5.1 and 5.3,
kFA = kobs/[FA]

5.4

Equation 5.4 shows a linear relationship between kobs and FA concentration as
shown by Figure 5.2.
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Figure 5.1: Effect of [FA] on the kinetics of the reduction of As(V) at pH 3 and
25 oC. Initial reaction conditions: 1.50 µM As(V), 2.2 µM Fe(III).
Standard deviation is within symbol size for data without error bars.
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Table 5.1:

Effect of concentration of FA on the reduction of As(V).
Initial reaction conditions: 1.50 µM As(V), 2.2 µM Fe(III).

[FA]/mg/L

kobs/min-1

0.50

2.6 x 10-8

0.75

8.6 x 10-7

1.00

1.0 x 10-6

1.50

1.1 x 10-6

1.75

1.6 x 10-5

2.00

2.3 x 10-5
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Figure 5.2: Effect of [FA] on kobs at pH 3 and 25 oC. Initial reaction conditions:
1.50 µM As(V), 2.2 µM Fe(III).
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Effect of initial concentration of As(V) on the kinetics of the reduction
reaction
As shown in Figures 5.3 and 5.4 and Table 5.2, values of kobs decreased
with increasing As(V) concentration. This is not expected for a first-order rate
constant, which should be independent of the initial concentration of reactant.
This implies that the reaction order may be second order or higher. The reduction
of As(V) by FA is hypothesized to occur via complexation, which is greatly
enhanced by the presence of iron through intermetallic bridging with Fe(III)
facilitating binding of arsenate by FA which results in the reduction of As(V). In
solutions where no Fe(III) was added, binding of the negative arsenate by the
negative FA should occur through intermetallic bridging by cationic metals
inherent in the FA. According to the hypothesis put forward in Chapter 4, in which
the reduction reaction is envisaged to proceed via complexation, FA-As(V) and
FA-Fe(III) complexes should represent intermediates. The ratio of FA to As(V)
decreases with initial concentration of As(V) resulting in the apparent rate of the
reduction reaction. Similar observations were observed for the reduction of Fe(III)
by HA56 and reduction of Cr(VI) by DOM58.
Fe(III) increased the amount of reduction reaction under the conditions
investigated. As shown in Table 5.3, the effect of Fe(III) is more pronounced at
pH 3 compared to that at pH 6.
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Figure 5.3:

Effect of [As(V)]initial on the kinetics of the reaction at pH 3 and 25
C under dark conditions. Initial reaction conditions: 0.75 mg/L FA,
2.2 µM Fe(III).

o

91

500

kobs x 10-7

400

300
200

100

0
0

0.5

1

1.5

2

[As(V)]/uM

Figure 5.4: Effect of [As(V)]initial on kobs at pH 3 and 25 oC under dark
conditions. Initial reaction conditions: 0.75 mg/L FA, 2.2 µM Fe(III).
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Table 5.2:

Effect of concentration of As(V) on the kinetics of reduction of As(V)
by FA. Initial reaction conditions: 0.75 mg/L FA, 2.2 µM Fe(III), pH
3.

[As+5]/µM

kobs/min-1

0.50

4.3 x 10-5

0.75

3.3 x 10-5

1.0

1.2 x 10-5

1.50

8.6 x 10-7
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Table 5.3:

Effect of Fe(III) on the reduction of As(V) by FA. Initial reaction
conditions: 0.75 mg/L FA, 0.50 µM As(V), 2.2 µM Fe(III), 25 oC.

kobs/min-1
Light
No Fe(III)

Dark
Fe(III)

No Fe(III)

Fe(III)

pH 6

4.0 x 10-4

5.0 x 10-4

4.1 x 10-4

6.0 x 10-4

pH 3

1.4 x 10-5

3.3 x 10-5

1.2 x 10-5

4.3 x 10-5
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Salt effects
To determine the effect of a background electrolyte or salt effect on
the kinetics of the reduction reaction, LiCl was used. From work done by
Bonn and Fish94, lithium cation, of all the alkali metal cations, exhibited no
specific binding with humic substances (HA) and was therefore appropriate
for the purpose of this work. As shown in Figures 5.5 and 5.6 and Table 5.4
the amount of As(V) reduced by FA decreased with an increases in the
concentration of LiCl. Since Li+ ion is not likely to be bound by FA, this
observation can be explained in terms of the salt ions interposing
themselves between cation binding sites on FA and the anionic As(V)
reducing chances of complex formation which precedes reduction of As(V).
Effect of pH on the kinetics of the reduction reaction
If reduction of As(V) proceeds via complexation then pH should
have an effect on the kinetics of the reaction since it affects the extent of
complex formation. Consequently the effect of pH was investigated. As
shown in Figure 5.7 and 5.8 and Table 5.5 kobs increased from pH to pH 6
and levels off at pH 7. This is in agreement with the proposed hypothesis
that reduction proceeds via complex formation which is very unlikely at low
pH because of competition from H+ for the binding sites on FA. At higher
pH, both As(V) and FA are more anionic (H2AsO4-) and Fe(III) is cationic,
FeOH2+/Fe(OH)2+. There is less competition from H+ for FA at higher pH
and complex formation through intermetallic bridging is also more likely,
which results in the higher reduction rates.
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Figure 5.5: Effect of [LiCl] on the kinetics of the reaction at pH 3 and 25 oC
under dark conditions. Initial reaction conditions: 0.50 µM As(V),
0.75 mg/L FA, 2.2 µM Fe(III).
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Figure 5.6

Effect of [LiCl] on the kinetics of the reaction at pH 3 and 25 oC
under dark conditions. Initial reaction conditions: 0.50 µM As(V),
0.75 mg/L FA, 2.2 µM Fe(III).
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Table 5.4:

[LiCl] /M

Effect of [LiCl] on the reaction kinetics. Initial reaction conditions:
0.50 µM As(V), 0.75 mg/L FA, 2.2 µM Fe(III) pH 3.

kobs/min-1

0.000

4.3 x 10-5

0.025

2.5 x 10-7

0.050

6.4 x 10-8

0.075

1.7 x 10-8

0.100

8.8 x 10-9
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Figure 5.7: Effect of pH on the kinetics of the reaction at pH 3 and 25 oC under
dark conditions. Initial reaction conditions: 0.50 µM As(V), 0.75
mg/L FA, 2.2 µM Fe(III).
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Table 5.5:

The effect of pH the reduction of As(V) by FA under dark
conditions. Initial reaction conditions: 0.75 mg/L FA, 0.50 µM As(V),
2.2 µM Fe(III), 25 oC.

kobs/min-1

pH
3

4.3 x 10-5

4

8.7 x 10-5

5

3.0 x 10-4

6

6.0 x 10-4

7

5.8 x 10-4

100
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Figure 5.8: Effect of pH on kobs 25 oC under dark conditions. Initial reaction
conditions: 0.50 µM As(V), 0.75 mg/L FA, 2.2 µM Fe(III).

101

Activation Parameters: ∆H# and ∆S#
The temperature dependence for the reduction of As(V) to As(III) by FA
was studied in the temperature range of 25

0

C to 35

0

and activation

parameters under both light and dark conditions were calculated and
compared. ∆G#, the activation free energy can be written as follows:
#
Kobs = kT exp - ∆G
RT
h
Where k = Boltzmann Constant

5. 5

h = Plank’s constant
T = Absolute temperature
R = Universal gas constant
∆G# = - ∆H# - T∆S#

5.6

Substituting equation 6.6 into 1 gives
#
#
Kobs = kT exp - ∆H + T∆S
h
RT

= kT exp
h

∆S#
R

exp

- ∆G#
RT

5.7

Integrating equation 6.7 gives
∆S#
lnKobs = ln k e R
h

∆H#
RT

5.8
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Figure 5.9 Effect of temperature on the kinetics of the reduction of As(V) to
As(III). Reaction conditions: Temperature; 25 0C, 28 0C, 30 0C and
35 0C; pH 3; dark, 0.75 mg/L FA; 0.50 µM As(V); 2.2 µM Fe(III).
Calculated ∆H# = 254 J mol-1

103

-15
y = -39.151x + 111.32
R2 = 0.9373

-16

ln(Kobs)

-17
-18
-19
-20
-21
3.24

3.26

3.28

3.3

3.32

3.34

3.36

1/K

Figure 5.10 Effect of temperature on the kinetics of the reduction of As(V) to
As(III). Reaction conditions: Temperature; 25 0C, 28 0C, 30 0C
and 35 0C; pH 3; light, 0.75 mg/L FA; 0.50 µM As(V); 2.2 µM
Fe(III). Calculated ∆H# = 326 J mol-1
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Summary
It was found that pH and As(V)-FA complexes play an important role in the
reduction of As(V) by FA. The kinetic constants for the reduction reaction
under both light and dark are comparable suggesting that light acceleration is
not the main or only mechanism for the reduction reaction. From the study it
appears complex formation between FA and As(V) plays an important role in
the reduction reaction. As shown in figures 5.9 and 5.10, increasing
temperature certainly increases the reaction under both light and dark. The
calculated values of ∆H# are positive showing that the reaction is
endothermic. The magnitude of the values are also comparable showing that
with similar energy input, the reaction can proceed to comparable extents
under both conditions.
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Chapter 6: Detection of As(III) in the Presence of FA and
Analysis of Real Samples
Introduction
In all the preceding studies, arsenic was separated from the FA prior to its
measurement by square wave cathodic stripping voltammetry. This was initially
done in order to avoid complications due to adsorption of FA at the mercury
electrode27,69,70. Also, both FA and HA can complex As(III) and As(V) under
certain conditions89,95, and it seems likely that nM concentrations of As(III) in a
1.0 mg/L solution of FA would be present as the FA-As complex.
Li and Smart27 examined the effect of three non-complexing surfactants as
well as FA on the electrochemical response of 5 nM As(III). The As(III) current
decreased as expected after the addition of 1-2 mg/L of the non-complexing
dodecyltrimethylammonium chloride, sodium dodecylsulfate, and triton x-100
surfactants. However it was noted that the current increased after addition of 1-2
mg of FA, and then decreased at higher FA concentrations. Although this
behavior of FA was unexpected, it does suggest that the measurement of As(III)
can be made or even enhanced in the presence of FA. The mechanism for the
electrode process is unknown, but it is likely that some lateral interaction
between the deposited Cu3As and the adsorbed FA could occur on the electrode
surface.
Quentel and Elleouet69 have investigated the square wave voltammetry of
molybdenum in the presence of FA at a mercury electrode and found that the
molybdenum-FA complex was adsorbed during deposition and reversibly reduced
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in the stripping step. The stripping current increased and then leveled off with FA
concentration. These results together with those of Li and Smart suggest that
quantification of As(III) by SWCSV might be possible or even enhanced in the
presence of FA. The elimination of the need to remove FA prior to measurement
would save time in the analysis.
Experimental
Materials and reagents
Suwannee River Fulvic Acid (FA) was obtained from the International
Humic Substances Society (IHHS) collection of reference humic materials. The
As(V) solutions were prepared from SPEX Certiprep, Inc. PEAS2-2X 1000 mg/L
As(V) in 2% HNO3 in which As(V) was in the arsenate (AsO4-3) form, and the As(III)
stock solution was prepared from As2O3 Fisher Scientific Certified . Fe(III) stock solution
was prepared from iron(III) sulfate puratronic, 99.999% metal basis from Alfa Aesar. Lithium
chloride was obtained from Fisher Scientific.
Acid-washed (10% HNO3) and oven dried (160-170oC) glassware and
reagent-grade or higher chemicals (Fisher Scientific) were used in all experiments
and all solutions were prepared with Milli-Q deionized distilled water. All
glassware was rinsed with 70% isopropyl alcohol before use. HCl (optima) and
NaOH (50% w/w) were used for all pH adjustments as appropriate.
Arsenic Analyses.
The effect of experimental parameters on the reduction of As(V) was
inferred from the measured concentration of As(III). Square wave cathodic
stripping voltammetry (SWCSV) at a hanging mercury drop electrode was
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employed using a BAS 100B Electrochemical Analyzer coupled to a BAS
Controlled Growth Mercury Electrode using a procedure developed by Li and
Smart (12). Pre-concentration was carried out in 2 M HCl in the presence of 0.8 mM
CuCl2 and 40 µM N2H4 • H2SO4 at a potential of -0.4 V vs. AgCl.
Methodology
Initial experiments were designed to investigate whether As(III) could be
detected and quantified in the presence of FA. Known concentrations of As(III) and
FA were mixed and then immediately analyzed for As(III) using SWCSV. In some of
the mixtures, FA was removed using XAD-8 resin before analysis and the results
compared. Milli-Q water was used to prepare the mixtures. Various solution and
instrument parameters were independently varied and peak currents measured
using SWCSV to explore the behavior of the FA-As(III) complex at the mercury
electrode.
In the second set of experiments, a real sample (Blackwater Falls State
Park, WV) with a known As and total organic carbon (TOC) content was also used
in place of milli-Q water to further test the method. The real sample was also used
to investigate reduction of As(V) by natural DOM. In these experiments, known
concentrations of As(V) were added to the real water sample and incubated under
various pH and light conditions at constant temperature. The samples were then
analyzed for As(III) as a function of time.
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Natural water sampling
Water samples were collected in 1-liter polythene bottles from Blackwater
River, 1 mile east of the Falls of Elakala (Blackwater Falls State Park), Davis,
West Virginia. It was assumed that Blackwater River water contained a
substantial amount of DOM and would be ideal for the purposes of this study.
Sample containers were previously soaked in nitric acid (10 % V/V) for 24 hours,
thoroughly cleaned and then rinsed with milli-Q water. At the sampling site, the
containers were rinsed with the river water first before being filled. The samples
were loaded into a cooler filled with ice and immediately transported to the
laboratory where they were frozen. The pH of the water was measured on site.
TOC Determination
The HACH (HACH Company, PO Box 389 Loveland, CO 80539)
colorimetric method (DR/4000) was used to measure the total amount of nonvolatile organic carbon in a sample. It is based on controlled digestion/diffusion in
a sealed glass assembly. The reagent set was suitable for measurements of
TOC of up to 20 mg/L. It contained the buffer solution, acid digestion vials,
indicator ampoules and persulfate powder pillows.
Organic-Free Reagent Water was prepared by transferring 100 mL of MilliQ water to a 250-mL Erlenmeyer flask. The buffer solution was added drop-wise
to adjust the pH to 2 and the flask was stirred at a moderate speed for 10
minutes to remove inorganic carbon as carbon dioxide.
A 1000 mg/L organic standard stock solution was prepared by dissolving
0.1063 g of dry primary standard potassium acid phthalate (KHP) in organic-free
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reagent water and diluted to 50 mL with the same water. A 150 mg/L KHP
standard was then prepared using the 1000 mg/L stock.
Sample digestion
Varying amounts (0.1, 0.2 and 0.3 mL) of the 150 mg/L C standard were
added to each of three acid digestion vials. Contents of one TOC persulfate
powder pillow were added to each vial. Sample (3.0 mL) was added to each vial
and mixed well. Three indicator ampoules were rinsed with de-ionized water and
wiped with a soft, lint-free wipe. Each of the unopened indicator ampoule was
lowered into each of the three acid digestion vials. When the score mark on the
ampoule was level with the top of the acid digestion vials, the tops were snapped
off the ampoule and the ampoule allowed dropping into the acid digestion vials.
The vial assemblies were tightly capped and placed in a heating block for two
hours at 103-105 OC. The vial assemblies were placed in a test-tube rack and
allowed to cool for one hour before analysis using a UV/Vis spectrophotometer at
598 nm. The reagent blank was prepared in the same manner using organic free
reagent water and the samples were run in triplicate.
The presence of acid persulfate at high temperature and pressure results
in the oxidation of organic carbon to carbon dioxide.
S2O8-2 + HCOO- → HSO4- + SO4-2 + CO2↑
The CO2 allowed to diffuse into an aqueous solution containing the pH indicator
and the concentration of the carbon in the sample is proportional to the color
change.
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Results and Discussion
The results shown in Figure 6.1 are data obtained from a solution
containing 60 nM As(III) and 1.0 mg/L FA that was analyzed for As(III) without
removal of FA. Two different solutions were prepared on different days and the
average As(III) concentration was calculated to be 58.8 ± 1.8 nM. In addition,
part of each sample was passed through the XAD-8 column to remove FA prior
to analysis and an average of 59.8 ± 1.4 nM was calculated for the separated
sample. This indicates that As(III) can be quantified in the presence of FA via the
method of standard additions using SWCSV.
Effect of FA concentration
To study the effect of FA concentration on the measurement of As(III), 4
ug/L As(III) was analyzed in various concentrations of FA. As shown in Figure
6.2, there was an initial increase in the stripping peak current occurred followed
by a steady decrease. This same trend was previously reported by Li and smart27
using the same technique and methodology.
It seem reasonable to assume that most of the FA in the solution will exist
as the CuFA complex, since the copper concentration is in great excess over FA
concentration (1 µM, assuming GFW FA = 1000). One possible explanation for
the slight increase in stripping current observed is that the binding of copper by
FA facilitates the complexation of arsenic through the bridging mechanism. The
adsorption of the resulting As-Cu-FA complex might then result in an increased
amount of As(III) at the electrode surface during the deposition step over that
observed for a similar concentration of As(III) in the absence of FA. The slow
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decrease in the stripping current seen at FA concentrations > 1.0 mg/L is difficult
to interpret without further experimentation.
Effect of Copper Concentration
The SWCSV method for As(III) used requires the addition of copper to
form the insoluble Cu-As film during the deposition step and the optimum copper
concentration was observed at 0.8 mM under the conditions employed as shown
in figure 6.3. These results are also consistent with those previously reported27.
Effect of Square wave frequency
For reversible systems, the relationship between the reduction peak
current and the square-wave frequency should be linear69, but as shown in
Figure 6.4, the reaction taking place at the electrode surface is not reversible.
This was also evident during analysis since only one peak (reduction) was
observed. The main objective for performing this experiment was to get the
optimum square wave frequency for the measurement of As(III) in the presence
of FA. A square wave frequency of 75 Hz was used in subsequent
measurements.
Effect of deposition time
As pointed out by Li and Smart27 in their work, and as always expected,
peak currents in most CSV analyses involving adsorption of metal complexes
should increase and level off at longer deposition times due to electrode
saturation. In this work (Figures 6.5) the effect of deposition time was compared
in both the presence and absence of FA and the stripping peak current increased
to a maximum in the absence of FA but leveled off in the presence of FA as
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deposition time was increased. A 60-seconds deposition time was used for
subsequent measurement of As(III) in the presence of FA. This difference in
electrode behavior in the absence and presence of FA as deposition time is
increased needs further experimentation for interpretation.
Proposed role of FA
FA is known to adsorb on a Hg electrode69, and FA can bind both
As(III)89and Cu(II)96. It is possible that FA can bind both As(III) and Cu(II) bringing
them directly onto the electrode surface during adsorption. This suggests that
movement of the electroactve species (As(III) and Cu(II)) toward the electrode
surface is not dependent solely on mass transport. The deposition and the
formation of the intermetallic complex will therefore occur faster, and the amount
of intermetallic complex formed and deposited per unit time will be higher than in
the absence of FA.

Deposition Mechanism
As(III)-FA-Hg + 3 e- ↔ As-FA-Hg

5.1

Cu(II)-FA-Hg + 2 e- ↔ Cu-FA-Hg

5.2

Formation of intermetallic complex
xAs-FA-Hg + yCu-FA-Hg ↔ AsxCuy-FA-Hg

5.3

Cathodic Stripping:
AsxCuy-FA-Hg + 3yH+ + xe- ↔ xCu-Hg-FA + AsH3

5.4
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Figure 6.1: Standard addition determination of As(III) (60 nM) in the presence
of FA (1.0 mg/L). (a) 59.5 nM As(III); (b) 58.0 nM As(III). Average:
58.8 nM ± 1.1 As(III).( Deposition potential: -550 mV, SWF: 75 Hz,
Deposition time: 60 s).
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Figure 6.2:

Effect of [FA] on the FA-As(III) square wave peak current. Other
reaction conditions: 4 µg/L As(III), 0.8 mM Cu(II), 1 M HCl, 40 µM
N2H4.H2SO4.
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Figure 6.3:

Effect of [Cu(II)] on the FA-As(III) square wave peak current. Other
reaction conditions: 4 µg/L As(III),1 M HCl, 40 µM N2H4.H2SO4, 1.0
mg/L FA.
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Figure 6.4: Effect of SWF on the square wave peak current of the FA-As(III)
complex. Other reaction conditions: 4 µg/L As(III), 0.8 mM Cu(II), 1
M HCl, 40 µM N2H4.H2SO4.
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Figure 6.5: Effect of deposition time on the SW reduction peak current for the
analysis of As(III) in the presence and absence of FA. Other
reaction conditions: 4 µg/L As(III), 0.8 mM Cu(II), 1 M HCl, 40 µM
N2H4.H2SO4.
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A similar deposition-stripping mechanism was suggested by Li and Smart27. In
their proposed mechanism, FA was not present and the sole mode of transport
for the electroactive species was mass transport facilitated by stirring.
Application of the method
The method was applied to the natural water sample with TOC equal to
22.16 mg/L (Figure 6.7) and other parameters as shown in Table 6.1. As shown
in Table 6.2, addition of As(V) to the natural water sample resulted in reduction to
As(III). It must be pointed that a natural water sample has a complex matrix, and
since the sample was not sterilized, the reduction could have resulted from
microbial participation. However, based on the study of FA as a model for DOM,
the DOM in the water certainly took part in the reduction process. The extent of
the fluctuation of As(III) produced could be the result of reoxidation of the As(III)
by oxygen or bacteria.
Summary
The study showed that As(III) can be detected and quantified in the
presence of FA and that at low FA concentrations (≤ 2.5 mg/L) much higher peak
currents were recorded than in the absence of FA. A real sample with a TOC of
22.16 mg/L was used to test the method. A known amount of As(III) was added
to the water sample and then analyzed using SWCSV and compared with the
results obtained when the same amount of As(III) was added to milli-Q water and
analyzed using the same technique and the results did not show any difference
at 99 % confidence level. The second part of the work demonstrated that adding

119

0.25
y = 0.008x + 0.0887
R2 = 0.9877

absorbance

0.2

0.15

0.1

Backwater
TOC = 22.16 mg/L

11.08
0.05

0
-12

-8

-4

0

4

8

12

16

20

KHP concentration (mg/L)

Figure 6.7: Standard addition curve for the determination of TOC in the
Blackwater sample.
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Table 6.1: Characteristics of the Blackwater sample.
Color

Dark brown

pH

7.34

TOC*

22.16 mg/L

Astotal **

1.64 µg/L ± 0.091

* Measured using HACH DR/4000 procedure, method 10129.
** Measured using graphite furnace AA.
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Table 6.2:

Percent reduction of As(V) by the blackwater sample at pH 3.4 and
25oC.

Dark conditions
[As(V)] /µM

48 hrs

96 hrs

144 hrs

0.5

39.8 % ± 1.6

47.1 % ± 3.4

28.7 % ± 1.2

1.0

39.4 % ± 0.1

23.3 % ± 0.5

10.7 % ± 0.8

[As(V)] /µM

48 hrs

96 hrs

144 hrs

0.5

33.3 % ± 0.7

30.9 % ± 1.1

6.49 % ± 1.2

1.0

50.0 % ± 0.4

67.6 % ± 0.5

39.9 % ± 0.5

Light conditions
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As(V) to natural water environments will result in significant reduction to the more
toxic As(III).
The mechanism of detection of As(III) in the presence of FA follows the
one proposed by Li and Smart27 in the absence of FA. The only difference is that
the stripping current increases and the levels off as deposition time is increased
in the presence of FA while in the absence of FA a maximum is reached. The
explanation for this is not known and is subject for future experimentation.
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Chapter 7: Future Work
For the first time it was demonstrated through experiment that FA can
significantly reduce As(V) to As(III) in aqueous solution in both synthetic samples
and a natural sample under both light and dark conditions. It was also shown that
the reaction is pH and time dependent and that Fe(III) catalyses the reaction. The
findings can explain previously observed trends in the prevalence of As(III) by
previous researchers. For instance, high As(III) has been shown to occur in
areas with high level of humic substances and also under aerobic conditions
where it is expected that As(V) would be stable. Previously it was believed that
humic substances, particularly FA and HA, participate in the geochemical cycle
of arsenic by remobilizing it from solid sorbents so this work has added another
dimension the whole process.
The data generated have implications for the assessment of the arsenic
bioavailability in arsenic contaminated aqueous geochemical environments. This
has serious environmental significance especially considering the fact that most
natural water has pH ranging from 6-8, which favors the production and
accumulation of As(III). The practice of amending soils with arsenic-containing
poultry litter for instance could cause As(III) contamination of surface and ground
water. The study has created a lot of interest and more work needs to be done
particularly in the following areas:
1)

Study of the electrode process for the measurement of As(III) in the
presence of FA using SWCSV.

2)

Use of HA in place of FA
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3)

Extend the study to natural water systems

4)

Effect of DOM and Iron on the efficiency of current arsenic removal
technologies from water

5)

Application strategy for removal of arsenic from water
The study in Chapter 6 has demonstrated that As(III) can be

measured and quantified in the presence of FA but the mechanism for the
electrode reaction is not known. As a result work will be done to study the
electrode process that occur during the measurement of As(III) in the
presence of FA.
Although FA and HA are both natural organic matter, their physical
and chemical properties are very different and therefore their physical and
chemical behaviors are also different. This suggests that data on FA can
not be extrapolated to HA and vise versa. The goal would be to compare
the reactivity of HA and FA towards arsenic species. Different areas have
different types and levels of DOM and the data will have implications for
assessing arsenic bioavailability in areas with high arsenic contamination.
The study will be extended to natural water systems with the
purpose to establish whether there is a correlation between arsenic
species present and the following environmental parameters:
a)

Type of water
i)

ground water

ii)

surface water

iii)

sea water
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b)

Depth of water

c)

Amount and type of suspended particles in water

d)

Type of sediment

e)

Type and amount of DOM

f)

Iron and its various forms

g)

pH

Extent of abiotic reactivity of these different types of water towards arsenic
species will also be assessed. Our preliminary data suggest that natural water
can readily reduce As(V) to As(III).
Current methods for arsenic removal from water are based on the high
affinity of As(V) as anionic arsenate for solid sorbents most of which contain iron.
In these methods, As(III) is oxidized to As(V) which is the adsorbed on the solid
sorbents and subsequently removed. In the natural water environment, there is
DOM and there is Iron. DOM is known to remobilize both As(V) and As(III) from
the solid sorbents and in addition to this we have shown that it significantly
reduces As(V) to the more mobile, more toxic arsenic(III). Iron, as nanopartices
and as oxides, is the main substrate for As(V) in many of these methods for
arsenic removal from water yet it has demonstrated a high level of catalyzing the
reduction of As(V) to As(III). It however remains to be seen in practical terms
whether this behavior of iron and DOM can compromise the efficiency of these
methods for arsenic removal from water.
As for instrumentation and methods, the current technique (SWCSV)
remains the technique of choice because of its excellent sensitivity, superior
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analysis time, simplicity, affordability and above all the ability to measure As(III)
in the presence of As(V). We have preliminary data that suggest that As(III) can
be quantified in the presence of DOM using the same technique and
methodology. This will remove that extra step of separating FA from arsenic
before analysis. For arsenic total metal analysis, GFAAS is the method of choice.
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